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Abstract

Fluid-Structure Interaction Analysis of Impact-Induced Loads
and Hydroelastic Responses of Ship Structures

Water entry impact, also known as slamming impact, is a phenomenon that occurs on
ships and offshore structures over a short period of time in rough sea conditions. This highly
non-linear fluid-structure interaction problem causes large hydrodynamic loads on the
structure that can lead to significant structural damage. Although slamming impacts have
been extensively studied, the elasticity contribution to structural behaviour has rarely been
taken into consideration. Since the dynamics of slamming involve air-water-structure
interactions, a severe impact can easily induce elastic deformations that affect the fluid
flow and the pressure field, i.e., the response is hydroelastic. Therefore, it may not always
be accurate to simplify the problem to a rigid body impact. To properly address this
phenomenon, it is essential to comprehend the effect of the hydrodynamic loads and the
simultaneous structural responses of the ship’s hull.

This thesis studies impact-induced loads acting on a 3D non-prismatic wedge section
and its dynamic responses, both experimentally and computationally. A series of
systematic free-fall drop tests were conducted on a 3D complex V-shaped section at
various drop heights. A drop test tower was constructed to allow experiments to be
carried out at various heights ranging from 25 cm to 2 metres. Two wedges with different
masses were tested to investigate the effects of wedge mass on slamming loads and
responses. To study the effect of flexural rigidity on structural responses, the bottom
plates of the wedge were designed with two different bending stiffnesses. The importance
of hydroelastic analysis is explained based on experimental observations.

Experiments provide the insight into the hydroelastic phenomenon. The experimental
findings are exploited in the development of a coupled fluid and structure simulation
model. The findings indicate that a two-way coupling numerical model is needed to
accurately simulate slamming loads and structural responses at high impact velocities.
Consequently, the simultaneous interaction between the fluid and structural dynamics
is considered in the proposed numerical simulations.

In this thesis, both 2D and 3D flexible structures are simulated to get a deeper insight
into the dynamics of hydroelastic slamming. Firstly, the water entry problem is numerically
analysed by implementing a two-way coupling approach on 2D steel and aluminium
structures. A comparison of constant velocity and freefall impact is presented to examine
the effect of freefall motions. It is found that hydroelasticity depends on the deadrise
angle and impact velocity, and the elastic behaviour increases with smaller deadrise
angles and higher drop heights. Secondly, a 3D aluminium wedge with varying deadrise
angles is simulated using two different numerical models. The slamming problem is
modelled using an explicit nonlinear finite element method (MMALE) and an implicit
CFD-FEM coupling approach. The results of the two numerical methods are validated and
compared with the experimental data. The numerical computations obtained from
different methods are found to be in satisfactory agreement with the experimental
measurements, indicating their reliability and accuracy. The importance of simulating the
fluid-structure interaction problems is evaluated by considering a hydroelasticity factor
that exhibits a noteworthy influence on the unstiffened bottom plate for all examined
impact velocities. A detailed analysis is performed to compare different numerical
approaches and thoroughly discuss the advantages and disadvantages associated with
each method.



Lihikokkuvote

Vedeliku ja konstruktsiooni vastasmoju analiiiis Id6kkoormuste
ja konstruktsiooni hiidroelastse vaste hindamiseks

Laeva ja avamerekonstruktsioonid kogevad vette sisenemisel hidrodinaamilisi
I66kkoormusi, mida tuntakse slamming koormustena. Slamming koormused on
luhiajalised 166kkoormused, mida esinevad peamiselt keeruliste mereolude korral.
Tegemist on mitte-lineaarse ja vaga diinaamilise ndhtusega, millega kaasnevad
markimisvaarsed vibratsioonid vG&i lausa konstruktsioonide kahjustumine. Ehkki
hiidrodiinaamilisi koormusi on laialdaselt uuritud, oletatakse konstruktsioonid sageli
I6Gpmatult jaigaks ja seeldbi ignoreeritakse konstruktsiooni elastsuse mdju koormuste ja
konstruktsiooni vaste hindamisel. Slamming koormuste hindamine katkeb endas dhu,
vee ja konstruktsiooni vastasmG&ju hindamist. Hidrodinaamiline |66k vGib pdhjustada
konstruktsiooni deformeerumist, mis omakorda mdgjutab vedeliku voolamist ja
réhujaotust ehk tegemist on hiidroelastse protsessiga. Seega ei saa konstruktsioone alati
oletada I6pmatult jaigaks. Lookkoormuste tdpseks kirjeldamiseks on oluline madista
seoseid hidrodiinaamilise koormuste ja samaaegselt asetleidva konstruktsiooni vaste
vahel.

Kaesolev t606 uurib hiidrodiinaamilisi [66kkoormusi ekperimentaalselt ja numbriliselt.
Meretehnoloogia kompetentsikeskuse mudelkatsebasseinis viidi labi katsed, kus
kolmemd&Gtmelisel mitteprismaatilisel kiilul lasti erinevatelt kGrgustelt vette langeda.
Kiilu kukkumiskdrgust varieeriti vahemikus 0.25-2 m. Lisaks varieeriti kiilu massi
uurimaks massi méju l66gikoormustele. Kiilu p&hjakonstruktsioonid on konstrueeritud
selliselt, et kiilu erinevate parraste jdikused erinevad markimisvaarselt.

Ekperimentaalsete katsete kdigus tehtud jareldusi kasutati numbrilise
simulatsioonimudeli loomisel. Katsete tulemused naitasid, et hidroelastse protsessi
tapseks kirjeldamiseks on vajalik kahesuunaline numbriline mudel, mis samaaegselt
hindab hiidrodiinaamilist réhku ja konstruktsiooni vastet.

Saamaks paremat arusaama hidroelastse slammingu olemusest, on kdesolevas t60s
simuleeritud nii kahe- kui kolmemd&dtmelisi konstruktsioone. Esmalt hinnati slamming
koormusi ja konstrukstiooni vastet kahemodtmelise deformeeruva konstruktsiooni
korral nii konstantse kui ka aeglustuva sisenemiskiiruse puhul. Leiti, et hiidroelastsus
soltub kiilu kaldenurgast ja 166kkiirusest. Konstruktsiooni elastsuse tahtsus kasvab p&hja
téusunurga kahanedes ja 166gikiiruste suurenedes.

Hidroelastse slammingu kirjeldamiseks kolmemdotmeliste elastsete konstruktsioonide
puhul arendati kaks erinevat numbrilist mudelit. Esimeseks mudeliks oli né. ilmutatud
kujul formuleeritud IGplike elementide meetod, kus vee kaitumise kirjeldamiseks kasutati
meelevaldset Lagrange-Euleri meetodit ehk MMALE meetodit, kus Ghes arvutuslikus
ruumielemendis saab samal ajahetkel olla mitu erinevat materjali ning elemendi
mddtmeid, kuju ja materjalide mahtu saab kohandada arvutuse stabiilsuse tagamiseks.
Teises numbrilises mudelis (hendati omavahel arvutuslik vedelikudiinaamika ja
imlutamata kujul formuleeritud I16plike elementide meetod. M&lema numerilise meetodi
tulemusi vorreldi ja valideeriti basseinikatsetega. Mdlemad arvutuslikud meetodid
suutsid rahuldava tapsusega kirjeldada nii 166kkoormusi kui ka konstruktsiooni vastes.
Hiroelastsuse tahtsust kirjeldati hiidroelastsusteguri kaudu ning maarati soovituslikud
piirid, milliste konstruktsioonijaikuste ja |66kkoormuste korral on vajalik kasutada
kahesuunalist vedeliku-konstruktsiooni vastasmd&ju analiitsi. Erinevate arvutuslike
lahenemiste eeliseid ja puudused on pdhjalikult analUsitud.
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Original Features

Ship slamming is a complicated Fluid-Structure Interaction (FSI) phenomenon, which is
associated with impulsive hydrodynamic loads and can threaten ship structural integrity.
The majority of previous experimental and numerical studies on water entry problems
focused on rigid two-dimensional structures for the sake of simplicity. Although
modelling 2D rigid bodies can provide valuable insights into the physics of impact
problems, it may not be suitable for many practical applications due to the dynamic
response of the hull structure. This thesis presents an experimental and numerical
analysis of impact-induced loads and responses on a 3D complex body, considering
deformations of the structures. The following features of this thesis are believed to be
original.

1.

A numerical approach was developed to analyse the impact loads and responses
on 2D elastic wedge sections in [Publication I]. A two-way coupling technique
was utilised between the FVM and FEM solvers to compute the bottom plate
deformations with different structural stiffnesses. To evaluate the effect of
vertical velocity on bottom plate deformations, the results of constant velocity
and free-fall impact were compared.

A series of free-fall drop tests were conducted on a non-prismatic aluminium
wedge with stiffened and unstiffened bottom. The experimental results of vertical
accelerations, hydrodynamic pressures, and strain responses at various drop
heights were presented in [Publication II].

The importance of hydroelasticity assessment was studied in [Publication 1]
using a dimensionless factor. The study showed that the hydroelasticity has a
significant effect on the unstiffened plate at all examined impact velocities
(V; = 2.2 — 5.6 m/s), whereas for the stiffened panel, it becomes important only
at high impact velocities (V; > 4.0 m/s). The effect of the mass of the wedge on
the natural frequency of the structure was also investigated.

[Publication Ill] introduces two numerical models: the MMALE method and the
combination of RANS CFD and FEM dynamic analysis with a two-way coupling
technique. These models were developed to simulate the instantaneous
interaction between fluid and a 3D wedge section. The computed structural
deformation of the bottom plates was compared at different impact velocities.

The results of the numerical studies presented in [Publication Ill] were validated
and compared with the experimental data available in [Publication Il]. The study
examined the influence of three-dimensionality, impact velocity, deadrise angle,
and structural rigidity on vertical acceleration, slamming pressure, and strain
response. The effect of three-dimensionality on slamming loads was investigated
by comparing the maximum slamming force coefficients of 2D and 3D wedges.
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1 Introduction

1.1 Background

In rough seas, the ship’s hull may emerge from the waves and re-enter the water, causing
significant loads over a short period of time, which is known as a slamming impact. This
phenomenon occurs when a body encounters the water surface or when water forcefully
impacts a structure at a small relative angle. In this situation, the water near the interface
accelerates suddenly, resulting in high pressure and significant loads. The impact
pressure is highly dependent on the relative angle between the structure and the water
surface, and it rises sharply at small relative angles [1-3].

The slamming loads are typically much larger than other wave loads, and the structure
responds both locally and globally to this load. It is worth noticing that the structural
response can be either a local or a global vibration mode (known as whipping), or
sometimes a combination of both modes [4—7]. Whipping is characterised by a low level
of damping, causing the ship’s structure to undergo multiple oscillations before
dissipating the energy [4]. It is a long-lasting vibratory response that can persist for
several cycles due to minimal energy dissipation. Moreover, the increased number of
load cycles associated with whipping can contribute to fatigue damage accumulation in
the structure, particularly under seakeeping loads. As a result of local and global dynamic
responses, high stresses can occur in specific areas, causing elastic and plastic
deformations [8]. In addition, there is a significant impact of slamming loads on ship
performance, which is a major reason for ship operators to change course and/or reduce
speed.

The dynamic behaviour of slamming loads can exert considerable effects on the
structural integrity of ships, potentially leading to structural damage or even collapse.
Figure 1 illustrates two major accidents that happened due to severe slamming impacts
in rough seas. One of the most tragic maritime incidents of the 20th century took place
on September 28, 1994, involving the sinking of the MS Estonia ferry in the Baltic Sea.
According to the official report by the Joint Accident Investigation Commission [9],
the vessel’s bow visor malfunctioned as a result of a significant wave impact, leading to
its detachment from the ship. The investigation concluded that the extensive damage
was caused by severe slamming in rough sea conditions, characterised by a wind speed
of 15-20 m/s and a significant wave height of 4-6 m [9].

Figure 1. Two major accidents due to slamming loads:(a) MS Estonia Ro-Ro passenger ship;
(b) MSC Napoli container ship.
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The MSC Napoli incident in 2007 serves as another example highlighting the potential
consequences of impact loads on the catastrophic failure of a ship’s hull. The ship
encountered extreme sea conditions with a wave height of 9 meters at 11 knots forward
speed, which is considered high for such wave conditions [10]. As a result, the ship
experienced significant pitching motions and suffered hull damage near the engine room.
The initial investigation conducted by classification societies indicated that, among
various potential causes, the whipping load was identified as the primary factor
contributing to the ship’s failure [11]. The non-linear finite element strength analysis
conducted by DNV showed that the buckling strength in the forward part of the ship’s
engine room was insufficient [11]. These events highlighted the critical importance of
understanding and mitigating the effects of extreme wave impacts to ensure that their
influences are adequately considered in design and structural analysis, allowing for an
appropriate margin of safety.

In general, the impact-induced loads on ship structures can be classified as follows.

e Bottom slamming refers to the phenomenon in which the emerged bottom of a
ship’s hull re-enters the water surface, resulting in high forces and loads that can
potentially cause structural damage, vibrations, and alterations in the ship’s
stability and maneuverability (Figure 2a).

e Bow-flare slamming occurs when the bow of a ship slams into the water surface
with an extreme pitch-and-heave motion at high relative speed (Figure 2b).

e Green water slamming is the phenomenon in which large volumes of water
forcefully impact the deck or upper structure of a vessel or an offshore platform,
typically in extreme sea conditions (Figure 2c).

e Breaking wave impacts occur when incident waves and bow waves combine and
hit the bow of a ship, even during small ship motions. These types of waves pose
a higher risk of slamming impacts due to their steepness and the possibility of
direct contact with the structure (Figure 2d).

R e

(a) (b)

(c) (d)

Figure 2. Different types of slamming impact: (a) bottom slamming; (b) bow-flare slamming;
(c) green water slamming; (d) breaking wave impact (reproduced from [12]).

In addition to the aforementioned types of slamming impacts, there are other
variations that occur under specific sea conditions and on certain structures, which are
not the focus of this study. These include stern slamming, wet-deck slamming (observed
in catamaran vessels), and wave run-up slamming (relevant to offshore structures).
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The analysis of impact loads and water entry problems was initially explored by von
Karman [13] and Wagner [14], who analytically addressed the issue with specific
simplifications. These simplifications included assumptions of a 2D rigid body, symmetric
impact, incompressible fluid, irrotational flow, neglect of gravity, and no flow separation.
Since their pioneering works, numerous advancements and developments have been
made in this field. Zhao and Faltinsen [15] studied the water entry of 2D bodies and
proposed an asymptotic solution for small deadrise angles structures. Later, Vorus [16]
extended the Wagner solution by introducing a nonlinear term to the kinematic
condition in an incompressible flow for rigid cylinder impact. Following Wagner’s work,
many analytical and semi-analytical investigations have expanded upon his method,
applying it to various shapes and diverse applications [17-19]. Tassin et al. [20]
conducted a comprehensive assessment of several analytical models for water entry of
rigid bodies, comparing the results of asymptotic method, MLM (Modified Logvinovich
Model [21]), and GWM (Generalised Wagner Model [22]) with numerical simulations and
experimental data [23].

In addition to the analytical methods, the advancement of supercomputers has led to
the development of a wide range of numerical models. These models allow researchers
to conduct more detailed and realistic simulations, enabling them to gain more insight
into the behaviour of water entry problems [24,25]. Luo et al. [26] used an explicit finite
element method to predict the slamming loads on a rigid wedge. In a similar way, Wang
and Soares [27] simulated the water entry problem on a 2D rigid wedge based on ALE
formulation and compared the results with analytical solutions. A review of capabilities
of CFD methods to estimate the impact induced loads on rigid bodies presented by [28].
Izadi et al. [29] simulated the free-fall impact of a 2D rigid wedge with different deadrise
angles based on finite volume method. Additionally, the effect of heel angles on pressure
distribution and impact loads of oblique slamming on an asymmetric rigid wedge was
numerically studied by Hosseinzadeh et al. [30]. These studies contribute to the growing
body of research on water entry problems, exploring different numerical approaches,
and investigating various factors that affect the slamming phenomenon.

The water entry problems have been extensively investigated in recent decades;
however, the majority of these studies have focused on rigid structures with 2D
assumptions. It is important to consider that impact-induced problems involve complex
air-water-structure interactions, and simplifying the problem to a 2D rigid body impact
may not always provide accurate results. Furthermore, implementing analytical models
for 3D complex structures can be challenging. The rigidity of a body implies no
deformation upon impact, resulting in hydrodynamic pressure remaining unaffected by
structural deformation. Additionally, the effect of hydroelasticity, which accounts for the
interaction between the structure’s deformation and hydrodynamic forces, cannot be
considered in the analysis when assuming a rigid body.

Recent research highlights the importance of flexible fluid-structure interaction (FFSI)
analysis in studying ship slamming phenomenon. Specifically, investigating the
hydroelastic slamming of flexible bodies has emerged as a crucial aspect in gaining a
deeper understanding of the dynamic response and structural integrity of ships
subjected to water entry impacts [1,3]. By considering the coupled interaction between
fluid and structure, it helps identify potential areas of concern and enables the
development of improved design strategies to enhance the structural integrity and
overall safety of maritime applications. Furthermore, hydroelastic analysis assists in the
prediction and mitigation of potential risks associated with ship slamming. By taking into
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account the hydroelastic effects, including force redistribution and energy dissipation,
designers can optimize the hull form, material selection, and structural arrangements to
minimize the risk of structural failure, fatigue, and damage caused by repetitive
slamming impacts.

1.2 State of the Art

Fluid-structure interaction mechanics can be described as a multidisciplinary area of
study that investigates the dynamic behaviour of a coupled system consisting of solid and
fluid components. In an FSI problem, the fluid field (Qf) and structural field (Q)are
considered as a coupled system through a shared interface (I'g;). Figure 3 illustrates how
the appropriate solution to a fluid-structure interaction problem is determined by the
level of interaction between structural response and fluid loads. Depending on the
degree of structural response, the FSI problem can be categorised between the problem
where there is negligible deformation in the solid domain and the structure can be
considered as a rigid body [31], and the cases where significant structural deformation
occurs, influencing the flow field [32,33]. Hydroelasticity, a term used to describe one of
the applications of FSI in marine floating structures, involves the fully coupled study of
the interaction between the water surface and an elastic structure. It focuses on
examining the mutual influence between fluid loads and structural responses,
encompassing the dynamics of both fluid and solid components [31,32].
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Figure 3. A schematic of FSI problem with [g; as a shared surface (reproduced from [34]).

The dynamic and impulsive nature of impact-induced loads can have severe
consequences on marine structures. Ship structures may experience local damage or
extensive buckling on the deck due to the impact loads. It is more crucial for moderate
to high-speed ships where even small individual impact loads can accelerate fatigue
damage to the hull [12]. The presence of slamming loads poses a threat to the safety of
ships, making it essential to develop a reliable and practical estimation method for the
impact loads. Consequently, employing a fully coupled fluid-structure interaction analysis
provides a more comprehensive representation of the intricate physics underlying this
phenomenon and enables an accurate estimation of the structural responses. To date,
numerous investigations have demonstrated the advancements in analysing hydroelastic
slamming through analytical models [35-39], experimental studies [40—43], and numerical
simulations [44—-48].
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In the studies presented by Faltinsen [1, 3, 49], it was discovered that the water entry
phenomenon can become severe at high impact velocities and low deadrise angles,
thereby intensifying the coupling between hydrodynamic loads and structural responses.
Bereznitski [50] conducted a study on the water entry of 2D wedges with low deadrise
angles and highlighted that the ratio between the impact duration and the period of the
first dry mode of vibration of the structure plays a critical role in determining whether
hydroelastic effects should be considered in the solution of structural responses.
Kapsenberg [2] presented a review of the state-of-the-art in slamming research, focusing
on its implications for ship design and emphasised that in cases of local impacts with
small relative surface structure angles, the coupled interaction between the fluid and
structure becomes significant when the resonance period of the structure exceeds the
impact duration [2]. Korobkin et al. [51] used Wagner theory to calculate the hydrodynamic
loads and employed a direct coupling of the finite element method to estimate the
structural responses on an elastic 2D body. Later on, Khabakhpasheva and Korobkin [52]
developed an approximate model by combining the Wagner solution with Euler beam
theory to analyse the elastic wedge impact problem and estimate the maximum bending
stress in thick wedge plates. Lv and Grenestedt [53] conducted an analytical study on the
structural responses of boat bottom panels subjected to impact loads, utilising a linear
elastic Euler-Bernoulli beam to represent the cross section of the panels and presenting
the deflections and bending moment of the bottom as functions of time and position.

In addition to the analytical models, various advanced numerical studies have been
conducted to estimate the impact-induced loads and responses on marine structures.
The possible application of the Arbitrary Lagrangian-Eulerian (ALE) method has been
investigated in many studies [54,55]. Stenius et al. [56] simulated the hydroelastic panel
water impacts based on an explicit finite element method (LS-DYNA) and compared the
results with a simplified in-house developed method. Wang and Soares [57] used an ALE
solver to simulate the water impact problem on three-dimensional hemispheres and
cones with different deadrise angles. In a more recent study, Wang and Soares [58]
conducted a comprehensive review on ship slamming loads and structural responses to
provide an in-depth understanding of the phenomenon, including hydroelastic wave
impact of wet-decks, water entry of an elastic wedge, and hull girder vibrations
induced by impact loads. Yu et al. [59] studied the hydro-plastic response of beams and
stiffened panels subjected to extreme water slamming at small impact angles using a
multi-material ALE method and compared the results with a proposed analytical model.
Their findings revealed that the numerical model accurately captures the interaction
between hydrodynamic loads and structural deformations [59]. Moreover, the numerical
prediction of slamming loads acting on flat stiffened plates and their dynamic response
was conducted by Truong et al. [60], using a non-linear explicit finite element code in
LS-DYNA. The numerical uncertainties associated with the ALE method for the prediction
of local slamming loads and structural responses on a rigid and elastic flat plat were
recently presented by Wang et al. [61].

The coupling between hydrodynamic forces and the structural behaviour subjected to
slamming impacts can also be predicted using alternative computational techniques [62,
63]. Maki et al. [64] combined RANS CFD and FEM based on one-way coupling to predict
the hydroelastic response of a wedge-shaped body. Panciroli et al. [65] proposed a
numerical model based on a coupled FEM and Smoothed Particle Hydrodynamics (SPH)
formulation to simulate the hydroelastic effects and compared the computed results
with experimental data. More recently, a FSI coupling strategy between boundary
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element method (BEM) and modal superposition method was proposed to study the
hydroelastic slamming of wedge sections by Feng et al. [66]. They compared the results
of quasi-static, decoupling (rigid) and coupling solutions and concluded that the
quasi-static solution underestimates structural maximum response [66].

Izadi et al. [67] utilised a two-way coupling (FVM and FEM) to study the hydroelastic
impact of deformable wedges with oblique speed and asymmetric conditions, and
compared the deformation at the midpoint of wedge with available experimental data.
A benchmark study was conducted by Truong et al. [68] to assess the accuracy of
different FSI coupling techniques in predicting the slamming loads and responses of
stiffened flat plates. They evaluated four different commercial software (ALE, ICFD,
ANSYS CFX, and Star-CCM+/ABAQUS) and compared the impact loads with the
corresponding bottom deflections under several vertical velocities. Yan et al. [69] applied
a CFD-FEA two-way coupling technique to study the impact loads on both stiff and
flexible flat plates, revealing the effect of structural rigidity on peak pressure values.
Furthermore, Yan et al. [70] presented a systematic comparison of FSI simulations with
experiments, focusing on hydroelasticity and air trapping effects, numerical uncertainties,
and the validity of modelling assumptions for predicting bottom slamming. In the latter
publication, the authors illustrated that the validation uncertainty percentage for peak
pressure tends to decrease at higher impact velocities and is generally independent of
the velocity for slamming forces.

Fluid-Structure Interaction (FSI) simulations play an important role in addressing
slamming problems due to its profound effect on structural integrity. The significance of
hydroelasticity effects highlighted in recent studies underscores the indispensability of
FSI simulations. Furthermore, the complex interaction between hydrodynamic loads and
structural responses remains inadequately explored, necessitating the utilisation of
hydroelastic simulations to unveil the complete picture. A thorough experimental
exploration of 3D structures in water entry problems not only enhances comprehension
of these challenges but also offers a means to validate analytical models.

1.3 Objective of the Thesis

The main goal of this study is to analyse hydroelastic slamming and provide a unified
model to predict the impact loads and responses on ship structures. To fully capture the
intricacies of fluid-structure interaction involving flexible bodies, it is necessary to
develop a comprehensive model that considers various factors such as material
properties, geometric characteristics, and fluid mechanics. This requires an in-depth
understanding of both the mechanical behaviour of materials and their response to fluid
flow dynamics. Additionally, experimental data can be used to validate the numerical
models and to make more accurate predictions of behaviour of the system under
different conditions. Thus, a series of systematic free-fall drop tests is carried out to
provide a benchmark data for impact loads. The importance of two-way coupling
technique is discussed in detail. To determine the most efficient coupling technique,
some simple FFSI problems are first investigated, and the results are compared with
previous experimental data. Subsequently, the validated coupling technique is applied
to a 2D elastic wedge section and a 3D deformable stiffened wedge to calculate the
slamming and local dynamic loads, as well as to validate the numerical models with
experimental study. To achieve these, the following objectives have been outlined:
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1. Assessment dynamic loads acting on 2D elastic wedge sections considering both
constant velocity and free-fall impact.

2. Conduct systematic free-fall drop tests on a non-prismatic aluminium wedge
with stiffened and unstiffened plates and analyse the importance of hydroelastic
slamming.

3. Develop and implement an efficient method for coupling computational fluid
dynamics (CFD) and computational solid dynamics (CSD) solvers.

4. Simulate the impact-induced problem with two different numerical methods,
MMALE and a combination of RANS CFD and FEM.

5. Validate and compare the computed results with measured data and analysing
the flexural rigidity as well as 3D effects on the slamming loads and responses.

6. Present frequency analysis of strain responses and study on the effects of impact
velocities and wedge masses on the frequency distribution.

1.4 Scope of Work

The water entry problem was initially investigated numerically using rigid wedges, and
the findings were presented in a peer-reviewed conference paper [30]. Subsequently, to
evaluate the capability of the FFSI model for hydroelastic problems, a study was
conducted on a 3D deformable hydrofoil with different turbulence models [71].
The investigation focused on analysing the flow-induced deformation and elastic
response of both rigid and flexible hydrofoils at different angles of attack [71]. After that,
the validated coupling technique was employed to tackle hydroelastic slamming
problems.

This thesis encompasses a comprehensive investigation involving both experimental
and numerical analyses. Figure 4(a-c) vividly illustrate real-life instances of bottom
slamming occurring on various types of vessels. This highlights that regardless of the type
of the ships, the impact loads can have a substantial effect on the structural integrity
under harsh sea conditions. As already stated, this study aims to evaluate the effect of
bottom slamming on the structural responses and estimate the bottom plate
deformations at different impact velocities. To achieve this, a wedge section is utilised
which resembles a fore body structure of a moderate to high-speed craft. A series of
free-fall drop tests is conducted, enabling the measurement of slamming pressure and
structural responses on a non-prismatic aluminium wedge. To complement the
experimental findings, numerical simulations using both the ALE and CFD-FEM methods
are employed to accurately simulate hydroelastic slamming events and predict the
corresponding structural responses. As shown in Figure 4(d and e), both 2D and 3D
wedge sections are modelled and the hydroelastic slamming is studied in detail.
Figure 4(f) presents an example of maximum deformation computed at various locations
on the 3D wedge. It is worth noticing that the emphasis of the thesis is placed on
understanding how the aluminium structure responds to the applied loads while
remaining within its elastic limits. Therefore, the investigation does not incorporate the
effects or implications of plastic deformation in the analysis.
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Bottom Plate Maxinum Deformation

Pressure
Distribution

Figure 4. Real slamming and numerical modelling: (a) a pilot vessel in rough weather [72];
(b) a French fishing vessel flounders amid furious waves during a storm in the Irish Sea [73];
(c) Wave-induced loads caused a broken bridge window and affected engine performance on
the Clelia I, the American cruise ship [74]; (d) a schematic view of water entry problem of a
two-dimensional symmetric flexible wedge [P1]; (e) three-dimensional wedge impact [P3];
(f) a sample of bottom plates maximum deformation at different locations of the 3D wedge [P3].

The scope of this work includes the investigation of various parameters and their
effects on the slamming loads and responses. These parameters may include, but are not
limited to, impact velocity, deadrise angle, structural properties, and coupling technique.
The present investigation comprises both experimental and numerical studies which
provide valuable insights into the behaviour of water entry problems and contribute to
the development of improved design guidelines for ship structures and other marine
applications. The impact-induced loads and responses of a 3D non-prismatic aluminium
wedge are experimentally studied. On the basis of the experimental observations, a 2D
and a 3D numerical model are developed to simulate the fluid-structure interaction
problem by implementing a fully coupled technique. The numerical simulations are
performed to estimate the local response of elastic bodies and analyse the bottom
deformations under different conditions. To ensure the accuracy and reliability of the
proposed models, the computed results are validated and meticulously compared with
the experimental data. The entirety of this investigation is documented in three
publications, as illustrated in Figure 5.

In publication I, the water entry problem of a 2D elastic wedge is numerically
investigated at different impact velocities and deadrise angles. The finite volume method
and finite element method are employed to model the FFSI problem based on a two-way
coupling technique. The bottom deformation of the wedge is calculated using the solid
stress model implemented in Star CCM+ software. This model utilises the finite element
method to calculate the displacement of the solid structure, and subsequently
determines the associated stresses and strains. The effect of impact velocity is studied
by comparing the constant velocity and free-fall impacts. Additionally, two different
materials are used to examine the effect of structural stiffness on the impact loads and
responses. A detailed study of structural deformation in relation to impact velocity,
deadrise angle, and pressure distribution is conducted [P1].

Publication Il focuses on the experimental investigation of the impact-induced loads
and structural responses of a 3D non-prismatic aluminium wedge with stiffened panel
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during free-fall water entry. The study specifically examines the simultaneous structural
responses caused by hydrodynamic loads, particularly in cases of high-impact water
entry. The bottom of the wedge is made up of a 4 mm plate thickness and the deadrise
angle varied from 20° to 30°. The repeatability of the experiments and the analysis of
measurement uncertainties are extensively discussed. The effects of flexural rigidity on
the slamming parameters are examined by comparing the pressure results and strain
responses of unstiffened and stiffened panels. A frequency analysis is conducted on the
measured strain responses to determine the relationship between the natural frequency
of the wedge and the impact time. The importance of FFSI simulation is assessed using a
hydroelasticity factor, which is found to have a significant effect on the unstiffened
bottom for all impact velocities studied. This study provides valuable benchmark data for
the validation of numerical results of water entry problems [P2].

Publication Ill presents the validation and comparison of two different numerical
models proposed for calculating slamming parameters. The experimental observations
presented in [P2] serve as the basis for developing a numerical model, which aims to
simulate the impact loads and responses on 3D elastic structures. To achieve this, an
explicit nonlinear finite element method based on the ALE algorithm is implemented to
design the numerical FFSI model. In addition, the interaction between fluid and structure
of the water entry problem is modelled by utilising a strongly two-way coupling
technique. The coupling between the FVM and FEM solvers is achieved using STAR-CCM+
and ABAQUS commercial software. The wedge structure is modelled using shell elements
in both numerical methods. The study explores the influence of various factors, including
three-dimensionality, impact velocity, deadrise angle, and structural rigidity, on vertical
acceleration, slamming pressure, and strain responses [P3].

1.5 Limitations

This thesis proposes a simulation model for calculating impact-induced loads on elastic
bodies and analysing their structural responses. While both numerical and experimental
models presented in this study have provided valuable insights into the behaviour of
impact problems on ship structures, there are some limitations on the applicability of the
models, among which are as follows:

e This study focuses on analysing the behaviour of aluminium materials within their
elastic range, without taking into account plastic deformation.

e Both the experimental and numerical studies are conducted under symmetric
condition and do not consider heel angles (no asymmetric loads).

e The computational resources and time required for running the simulations may
be significant, limiting their practicality for large-scale applications.

e The CFD-FEM model is time-consuming and requires extensive mesh refinement
near the free surface.

e The MMALE method exhibits high sensitivity to the coupling factors,
necessitating a trial-and-error process to determine the appropriate penalty and
damping factors.

e The role of aeration and cavitation on the hydroelastic slamming and structural
responses at high impact velocities has not been examined.
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Figure 5. Outline of the investigation.
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2 Experimental Study

The slamming phenomenon poses challenges when it comes to conducting experimental
studies due to its inherent complexity. One of the main difficulties lies in the short
duration of the impact event, which typically lasts only milliseconds. It becomes difficult
to accurately record and measure the impact pressure and other local variables within
this remarkably short period of time [2]. To achieve accurate measurements, high
sampling rates are required during the experiment. Additionally, when dealing with
structures that have smaller deadrise angles, even higher sampling rates are necessary
to capture the rapid changes and intricacies of the slamming event. Tveitnes et al. [75]
conducted a series of experiment on symmetric rigid wedges with a deadrise angle
ranging from 5° to 45° and constant impact velocities. They measured the vertical forces
acting on the wedge section and evaluated the added mass of the impact. In a series of
drop tests conducted by Lewis et al. [76], the evolution of spray root, acceleration, and
pressure distribution of a constant deadrise angle rigid wedge (2D) were measured.
The authors also provided an extensive uncertainty analysis on the experimental data,
ensuring their usefulness for validating numerical models and emphasizing the
importance of accurate measurements [76].

The study of hydroelastic effects led to a series of experiments aimed at validating the
theory that was developed [77-81]. Stenius et al. [42] conducted a study to investigate
the importance of hydroelastic effects on rigid and flexible panels in constant velocity
and derived semi-empiric expressions for the pressure distributions. Panciroli and Porfiri
[82] carried out an experimental study on a flexible aluminium plate with 0.5 mm thickness
and 22° deadrise angle during free-fall impact. They employed a particle image velocimetry
(PIV) technique to measure the velocity field around the structure. An extensive series of
tests were conducted by Duan et al. [83] to study the characteristics of slamming
pressures, including propagation speed and pressure coefficient, on rigid and elastic
wedges with deadrise angles ranging from 0° to 45° and drop heights ranging from 0.1 m
to 1.0 m. In the latter publication, it was found by the authors that the flexibility of the
plate in the wedge led to an increase in the duration of the slamming pressure [83].
In recent years, extensive experimental studies have been conducted on flat plates,
specifically focusing on their applicability to offshore structures and their role in the
development of simplified analytical models for accurately predicting hydroelastic
slamming [84—87].

These studies reveal that the experimental investigations of hydroelastic slamming
can pose even greater challenges, due to the small thickness of the structure and the
influence of plate deformations on the hydrodynamic pressures. In addition, the review
of published research indicates a lack of comprehensive understanding regarding the
influence of flexural rigidity, deadrise angle, and impact velocity on the structural
responses of 3D V-shaped elastic bodies. To shed light on these uncertainties, a systematic
experimental investigation was conducted [P2], which forms the focus of this section.
The objective of this section is to present the experimental setup and the findings
regarding the hydroelastic response of a symmetric wedge section made of aluminium.
The aim is to examine the potential influences of hydroelasticity on the loads and
responses induced by the impact. Through this investigation, valuable insights are gained
into the complex dynamics of hydroelastic slamming and its effects on the structural
behaviour.
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2.1 Test Set-up

A comprehensive series of free-fall drop tests using a self-designed test rig was carried
out at the Marine Technology Competence Centre (MARTE) of Tallinn University of
Technology. The drop test tower was specifically designed to provide a wide range of
impact tests, with drop heights ranging from 25 cm to 2 m. The test rig, as depicted in
Figure 6, is situated within a dedicated section of the 60 m long, 5 m wide, and 3 m deep
towing tank. To ensure stability and minimize vibrations during testing, one side of the
test frame was securely fixed to a carriage, while the other side was firmly screwed out
to a heavy beam. The specimen is attached to two linear guide rails, enabling vertical
free-fall motion. A movable stopper was also used to adjust the specific drop height for
each test.

To reduce friction and enable smooth motion, measures were taken to minimize
resistance along the guide rails and bearing mounts. The thick molybdenum grease from
the bearings was carefully cleared away, allowing them to roll with minimal resistance.
Additionally, the soft cleaning pads from the bearing blocks were removed to further
reduce resistance and eliminate friction against the guiding rail. To facilitate unrestricted
free-fall motion during the experiments, a distance of 70 cm was maintained between
the end of the guide rails and the still water surface. This ensured that the specimen
experienced a fully unobstructed descent throughout the testing process.

Specifications of Test Tower

1 Wedge section

2 Frame structure

3 Carriage

4 Steel beam

5  Guide rails

6 Top frame

7 Cables

8 Data acquisition system
9 Ceiling winch

10 Adjustable stopper
11 Measurement tape
12 Height:2.5m

13 Max. drop height:2 m
14 Calm water surface

Figure 6. lllustration of drop test tower with installed wedge for 25 cm drop height experiment.

2.2 Test Section, Sensors and DAQ

A non-prismatic three-dimensional wedge-shaped specimen made of aluminium (alloy
5083-H111) was designed to resemble the fore body structure of semi-planing and
planing vessels. It is worth noticing that the design considered the practicalities of
producing the test section at laboratory scale. The wedge section used in the study has
principal dimensions of 1500x940x450 mm, with a variable deadrise angle ranging from
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20 to 30 degrees (see Figure 7). The consideration of a non-prismatic section allows for
the analysis of three-dimensional effects on hydroelastic slamming. To explore the
influence of flexural rigidity on the structural response, the section is designed using
different plates to ensure sufficient stiffness on the port and starboard sides. The starboard
bottom was made up of a 4 mm thick extruded panel with a T-shaped longitudinal and
transverse stiffener (Stiffened bottom), while there are no stiffeners on the port bottom
of the specimen (Unstiffened bottom). Furthermore, a frame was designed and mounted
on top of the wedge to facilitate hoisting using a loop shackle for positioning it in the test
tower. Two different wedge masses were employed in the experiments to examine the
effect of mass on slamming loads. The designed wedge had a mass of 55 kg (M1), while
the heavier wedge weighed 82.5 kg (M), including sensors, screws, welding, and the top
frame. To increase the mass of the lighter wedge, additional weights were evenly
distributed along the length of its keel. Further details regarding plates thickness and
stiffener dimensions can be found in the table provided in Figure 7(b).

Name Thickness

Fore and aft endplates 10 mm

Side plates 4 mm

stiffened bottom 4 mm
Unstiffened bottom 4 mm
Longitudinal and transverse stiffeners  T54x3+ 35x4 mm
Keel 60x5 mm

450 mm

Figure 7. Drawing of the wedge section: (a) general dimensions of the wedge; (b) table of plate
thickness; (c) stiffened bottom plate; (d) stiffeners properties [P2].

Figure 8 presents an overview of the arrangement of sensors on the wedge section.
During the experiments, the slamming pressures were measured using sixteen
piezoelectric dynamic pressure transducers (PCB-CA102B18) arranged along the bottom
surface of the wedge. In order to evaluate and compare the pressure measurements
obtained from the unstiffened and stiffened bottoms, the sensors were symmetrically
mounted on the bottom of the wedge, with different labels assigned to the sensors on
the port and starboard sides, such as P2s for the second sensor on the stiffened bottom
and P2y for the second sensor on the unstiffened bottom.

The structural responses of the slamming impact were recorded using twenty liner
strain gauges (HBM-1-LY13-6/120), which were positioned on the inner side of the
bottom plates of the specimen. As depicted in Figure 8, the strain gauges are distributed
in both transverse and longitudinal directions to ensures that the strain responses can be
effectively captured from different directions. Similarly, to the pressure sensors, the strain
gauges were labelled with subscripts “U” and “S” to distinguish their location on the
unstiffened and stiffened sections of the structure, respectively. For instance, S1Ls
referred to the first strain gauge on the stiffened bottom in the longitudinal direction,
while S2Tu indicated the second strain gauge on the unstiffened bottom in the transverse
direction.
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In addition to measuring impact pressures and strain responses, vertical accelerations
were recorded using three Dytran 3176B piezoelectric accelerometers. These
accelerometers were positioned on the top of the keel, at the fore, middle, and aft of
the wedge, denoted as Ar (B = 30 deg.), Am (B =25 deg.), and Aa (=20 deg.), respectively.
Figure 8 (b-d) present cross-sectional views of the specimen at different locations,
providing a clearer depiction of the positions of the pressure and strain sensors.

Data from all sensors were collected simultaneously using a data acquisition (DAQ)
system located on the carriage. For the pressure sensors on the unstiffened bottom, two
dynamic universal amplifiers with 4 channels each and a sampling rate of 100 kHz were
utilised. The pressure data from the stiffened bottom, as well as the acceleration data,
were captured using a universal amplifier with a sampling rate of 40 kHz. The strain gauge
data were acquired using a bridge amplifier with a sampling rate of 20 kHz. All sensor
data were recorded through an HBM CX22B-W data recorder module connected to the
HBM proprietary CatmanEASY AP software. Further information regarding sensor
specifications and data acquisition system properties can be found in [P2].
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Figure 8. Sensor arrangement: (a) A top view of the wedge showing the distribution of pressure
sensors, strain gauges, and accelerometers; (b) A-A cross section at § = 27° (c) B-B cross section
at p = 25° (d) C-C cross section at p = 23.5° [88,P2].

2.3 Experiments Procedure

The experimental procedure, as depicted in Figure 9, consisted of several essential steps.
Firstly, the bottom plates of the wedge were prepared for sensor installation, ensuring a
clean surface. All sensors were calibrated according to the manufacturer’s guidelines.
Prior to the tests, a thorough check of the test tower was conducted to identify any
unexpected errors. The free-fall drop tests were performed at various heights, ranging
from 25 cm to 200 cm, with increments of 25 cm. To determine the drop height, a laser
level and measurement tape were used, referencing the calm water surface. Between
test runs, specific steps were taken, including determining the drop height using a laser
level, cleaning the bottom surface of the wedge, checking instrument cables and
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reapplying petroleum jelly to the pressure sensors. The data recorder channels were
reset, and a waiting period of 30-60 minutes was observed to allow the water surface to
calm down before proceeding to the next test. These measures were implemented to
maintain consistency, reliability, and accuracy throughout the experimental study.

Pre-Processing

Wedge Surface Mounting Mass Sensors Test Tower Checking
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Figure 9. An overview and steps of the experimental studies.

To assess the reproducibility of the experimental measurements, multiple trials were
conducted for each test case. The first test case at a drop height of 25 cm was repeated
eighteen times, while the remaining cases were repeated at least twice. The time
histories of acceleration, pressure, and strain from these runs were analysed to
determine the experimental uncertainties. To mitigate high-frequency noise in the
sensor data, a Butterworth low-pass filter was applied using MATLAB's filtfilt’ function
that uses a zero-phase digital filtering technique [89,90]. The cut-off frequency for the
filter was set at 1000 Hz for acceleration and pressure data, while a frequency of 500 Hz
was chosen for strain gauge data.

The mean peak values of acceleration, pressure, and strain from the multiple
experiments with a 25 cm drop height were calculated. The statistical uncertainty of the
experiments was determined using standard deviation and relative standard deviation
for all sensors. These uncertainties, along with other relevant data, can be found in [P2].
The repeatability of the measurements was also assessed across different impact
velocities, revealing that the standard deviation tends to increase at higher velocities.
This trend was observed consistently across all accelerometers, pressure sensors, and
strain gauges.
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3 Numerical Simulations

In numerical simulations of hydroelastic problems, also known as flexible fluid-structure
interaction (FFSI), the main objective is to analyse the dynamic interactions between a
fluid and a flexible structure, while considering their mutual influence. The hydroelastic
simulations involve solving coupled equations that describe both the fluid flow and the
structural deformation, allowing for a comprehensive understanding of the complex
behaviour and responses of the flexible structure subjected to fluid loads. Regarding the
coupling of solid and fluid variables, the strategies employed to address hydroelastic
problems can be broadly categorized into two distinct approaches: the monolithic
approach and the partitioned approach [91,92]. The monolithic algorithms involve
formulating the governing equations for both the fluid and solid components together,
allowing them to be solved simultaneously within a single solver. This approach treats
the fluid and solid domains as a unified continuum, automatically considering the
boundary conditions at the interface. The monolithic approach is known for its accuracy
and stability, making it suitable for strong fully coupled simulations. However, due to the
nonlinear nature of the coupling and the large number of unknowns involved, the
solution process of the monolithic algorithm can be computationally expensive and
time-consuming [91]. As a result, implementing the monolithic approach in practical
problems can be challenging.

On the other hand, the partitioned approach involves solving the fluid and solid
domains separately using different solvers, with data exchange at the interface. This
method can be implemented in two ways: one-way coupling, where dynamic response
is not considered, and two-way coupling, where continuous information exchange
captures the dynamic behaviour of the structure. The one-way coupling method is
employed when the fluid flow is minimally affected by the structural response. Typically,
this occurs when the structure is sufficiently rigid, and its deformation does not
significantly change the fluid dynamics. In contrast, two-way coupling becomes crucial
when both the fluid and structural responses are significant for the dynamic behaviour
of the system [93]. As demonstrated in Figure 10, depending on the nature of the FSI
problem, the two-way coupling can be implemented through explicit coupling (weak)
with a single force-displacement exchange per coupling time step, or through implicit
coupling (strong) utilising iterative exchange with a relaxation function until convergence
is reached for a given coupling step.

FEM Solver CFD Solver FEM Solver CFD Solver FEM Solver CFD Solver
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Figure 10. Different schemes of partitioned FSI coupling methods: (a) one-way coupling (explicit);
(b) two-way coupling (explicit); (c) two-way coupling (implicit) (reproduced from [94]).

The partitioned approach offers advantages such as lower memory usage and easier
implementation using existing codes. This method is often preferred in marine engineering
applications due to extensive development, verification, validation, and focused research
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dedicated to improving the solvers. However, sometimes the dynamic behaviour of force
at the interface can results in instabilities and convergence issues (explicit partitioned),
especially when the interaction between the fluid and solid is highly pronounced, and a
small number of iterations per time step may be inadequate for correctly computing the
interface properties [91].

In this section, the numerical approaches used to compute impact-induced loads and
responses of a 3D non-prismatic aluminium wedge are presented. The wedge is modelled
using two different coupling methods in free-fall conditions. Firstly, the FFSI problem is
simulated using an explicit nonlinear FE scheme in LS-DYNA. The fluid domain, consisting
of water and air, is modelled using a multi-material Eulerian formulation, while the
deformations of the structure are described using the Lagrangian formulation. In the
second approach, a two-way coupled FVM and FEM methods is employed to model the
slamming phenomenon.

3.1 MMALE Coupling Method

The multi material ALE algorithm combines Lagrangian and Eulerian formulations in FEA
to apply conservation equations. It utilises Lagrangian formulations to represent
structural dynamics through the boundaries of a Eulerian mesh that forms the fluid
domain. Details of the equations and mesh motion in the ALE method can be found in
[95-99]. As shown in Figure 3, the FSI interface (If;) acts as a boundary between the
fluid domain (£2¢) and solid domain ({2;). At this interface, fluid pressure is transferred to
the structure, and fluid nodal velocities are constrained to be equal to the structural
nodal velocities. Velocity and stress normal components are continuous on both sides of
the Itg; boundary. To model the interaction between fluid and structure, a Euler-Lagrange
penalty coupling method is utilised, combining the MMALE formulation and classical
master-slave penalty contact method. This approach ensures momentum and energy
conservation [98]. In the Euler-Lagrange coupling, the advection strategy is used to
update velocity and history variables as the MMALE fluid flows across the mesh.
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Figure 11. Schematic of explicit time integration algorithm in LS-DYNA [98,99].
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Figure 11 illustrates a detailed description of the MMALE algorithm. In an explicit time
integration algorithm, the coupling forces between fluid and structure nodes on the
fluid-structure interface are computed after determining the nodal forces for both
entities. At each time step, a depth penetration vector dis iteratively updated for each
structure node based on the relative velocity (v5 — V¢), where v represents the velocity
of the slave node and v; denotes the fluid velocity at the location of the master node.
The structure node is considered the slave node, while the master node belongs to the
Eulerian element. By employing the isoperimetric coordinates of the fluid element,

the position of the master node is calculated. The penetration vector d™1 is then
updated at time t"® = t"! + At. It is important to note that the coupling force only comes
into effect when penetration occurs (7. dr < 0), where 7 is obtained by averaging the
normal of the structure elements connected to the structure node [99].

The experimental case discussed earlier is simulated numerically using the ALE
method and penalty coupling algorithm. The numerical model, as shown in Figure 12,
comprises the fluid domain (air and water) and the aluminium wedge. The wedge is
modelled using the Lagrangian method with shell elements, except for the top support
frame, which is assumed to have no deformations or rotations. The materials are defined
as “Rigid” for the support frame and “Elastic” for the aluminium wedge. The top frame
of the wedge is constrained in the horizontal directions, allowing only free-fall motion in
the y-direction. An initial velocity (V;) corresponding to the impact velocity of the wedge
during the experiments is applied in all simulations. For the fluid domain, solid
hexahedral elements with one-point ALE multi-material formulation is used to model
water and air. The Griineisen equation of state (EOS) [99,100] is employed to simulate
the behaviour of water. In addition, both gravity and water surface tension effects are
considered in the simulations. A sufficiently fine mesh region in the impact area is used
to minimize numerical issues and ensure accurate results. The results of a mesh
sensitivity study are presented in [P3], which aimed to determine the optimal mesh size
for precise simulations.
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Figure 12. MMALE numerical domain and boundary conditions including mesh distribution in
fluid region and shell structure (Unit: mm) [P3].

As already stated, a penalty coupling method was employed to model the coupling
between a Lagrangian formulation (structure) and an ALE formulation (fluid). This method
behaves like a spring system and the penalty forces are proportional to the penetration
depth and spring stiffness. The choice of the penalty factor p; (0 < p; < 1) is crucial for
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impact problems, as it affects the allowed interpenetration at the contact interface.
Increasing py reduces interpenetration but can lead to numerical instabilities due to
frequent spring-damper interactions [24,98,101,102]. Conversely, insufficient penalty
contact allows large non-physical penetrations, disrupting the flow field and causing
leakage on the Lagrangian structure, particularly at high impact velocities [103].
To mitigate these issues, a viscous contact damping coefficient (£) can be applied to the
coupling algorithm to damp out the high-frequency oscillations. Hosseinzadeh et al. [104]
conducted a comparative study on a 3D elastic wedge, finding that simulations with
pr = 0.02and & = 0.1 exhibited fewer numerical instabilities (see Figure 13). Additionally,
they discovered that an excessively large damping coefficient can lead to an unstable FSI
coupling.
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Figure 13. Effect of penalty factor (PFAC) and damping factor (DAMP) at 4.00 m/s impact velocity
on the maximum value of (a) pressure on the unstiffened plate (b) strain response on the
unstiffened plate [104].

3.2 CFD-FEM Coupling Method

To assess the efficiency and accuracy of numerical methods, the described FFSI problem
is simulated using an implicit two-way coupling approach in addition to the ALE method.
The CFD-FEM method is employed, where Star-CCM+ serves as the CFD solver for fluid
flow and hydrodynamic pressure, while ABAQUS acts as the FEM solver for structural
responses to slamming loads (see Figure 14). The Reynolds-averaged Navier-Stokes
equations (RANS) and continuity equations are solved using a Finite Volume Method
(FVM) with an implicit unsteady solver and a k-g turbulence model. The simulation
includes both inviscid and viscous flow analyses to assess the impact of viscosity on load
responses. The complex evolution of the free surface during impact is accurately
captured using the volume-of-fluid (VOF) technique. The FVM and Semi-Implicit Method
for Pressure-Linking Equations (SIMPLE) are employed to describe the fluid domain
around the wedge during impact [105]. The wedge structure is modelled using shell
elements in ABAQUS. The FEM solver utiliaes non-linear, dynamic, implicit analysis with
the Hilber-Hughes-Taylor time integration method [106]. The simulation considers
free-fall vertical translation, including gravity load and predefined initial impact velocity.
The outer sides of the shell elements are designated as a coupled surface to facilitate the
transfer of structural responses to the fluid domain in the co-simulation model.

As shown in Figure 14, in each time step, the CFD model calculates pressure load and
shear stress, which are then applied as surface loads in the FE model. The computed
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nodal displacement of the structure is transferred back to the fluid domain, allowing the
fluid mesh to be updated using a mesh morphing technique based on the structure’s
deformation. The simulation utilises an implicit coupling scheme with a constant coupling
time step matching the fluid solver time step. The co-simulation setup includes a
minimum of twenty exchanges per time step and one inner iteration with an active
morpher-solver. The choice of the FSI under-relaxation parameter (f,.) and the number
of inner iterations is crucial for achieving convergence. For problems requiring dynamic
accuracy, choosing a low under-relaxation factor (8, < 0.5), as this might necessitate
more iterations and longer computation time. Conversely, using a large 8- may affect the
simulation’s convergence and lead to an underestimation of pressure loads [105,107].
In this study, B, is set to 0.6. To prevent numerical instabilities at the simulation’s start,
a pressure ramping parameter of [0, 004] is applied.
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Figure 14. An overview of CFD-FEM FSI model including the two-way coupling flowchart and a
single coupling step [P1, P3].

As depicted in Figure 15, a trimmed cell mesh is used to accurately simulate free
surface problems. The overset mesh technique is employed to reduce computation time
by establishing a smaller mesh near the structure’s walls and free surface. The nodal
values in both background and overset regions are linearly interpolated. The mesh
morpher method is utilised to update the fluid mesh based on structural deformations
by modifying boundaries and nodes according to the displacements from the FE solver.
A preliminary assessment of the numerical model indicates the need for grid refinement
in the fluid domain surrounding the structure to resolve the water volume distribution
near the wedge surface. Consequently, several controls are applied to the overset region,
including volumetric control around the wedge and surface control on the bottom of the
wedge section. The FE solver models the wedge structure using a four-node shell
element (S4R) with reduced integration to enable hourglass control and eliminate shear
lock-in [106]. To determine the most accurate mesh for the present coupling method,
a mesh convergence study was conducted and presented in [P3]. The study also
examines the effect of viscosity on the wedge water entry problem. By comparing the
results of turbulent flow and inviscid flow, it is observed that there is no significant
difference in computed results between the two scenarios, allowing for the neglect of
viscosity effects on impact-induced loads and responses [P3].
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Figure 15. Mesh distribution in fluid and solid domains of CFD-FEM model (Unit: mm) [P3].
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4 Results and Discussions

This section highlights the key findings of the thesis, focusing on the extensive
investigation of various parameters on impact-induced loads and structural responses.
Figure 16(a) presents a comparison between numerical results and experimental
measurements [108-110] for a 2D wedge with a 20° deadrise angle and 25.4 cm drop
height. The effect of impact velocity on the plate deflection is examined by comparing
the outcomes of freefall impact with constant velocity simulations. The results
demonstrate that employing a constant velocity may lead to an overprediction of the
bottom deflection in the wedge [P1]. Furthermore, to assess the influence of structural
rigidity, simulations were conducted on two wedges with a 10° deadrise angle and
different materials (steel and aluminium). Figure 16(b) illustrates the bottom deflection
from keel to chine, indicating a greater deflection in the aluminium wedge due to its
higher flexibility [P1]. These findings provide valuable insights into the FFSI simulations
of slamming problems and the relationship between parameters and bottom deflections
in wedge structures.
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Figure 16. Computed results of 2D elastic wedge section: (a) effect of free-fall and constant velocity
on the bottom deflection and its comparison with the experiment (B = 20°, ho = 25.4 cm);
(b) structural rigidity effect on bottom deflection (B = 10°, ho= 20 cm); (c) effect of impact velocity
on the bottom deflection of the aluminium wedge (B = 20°); (d) deadrise angle effects on the
bottom deflection of the aluminium wedge (ho=20 cm) [P1].
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In addition, the influence of different impact velocities and deadrise angles on the
deflection of the bottom plate is investigated, with the results presented in Figure 16(c)
and (d), respectively. The findings reveal that increasing the initial drop height leads to
an increase in the maximum deflection. Moreover, the deflection of the plate is closely
associated with the shape and magnitude of the pressure distribution [P1]. It is also
observed that the wedge with a lower deadrise angle (B = 10°) exhibits the highest
deflection due to the greater impact load [P1]. These observations indicate that the
hydroelasticity effect becomes noticeable in cases where there is a small angle between
the impacting surface and the structure.

In addition to the 2D wedge simulation, a 3D non-prismatic aluminium wedge section
was also simulated using two different coupling methods, and the results were compared
to the experimental data [P2, P3]. Figure 17 presents the experimental (left) and
numerical (right) impacts of the case with an initial drop height of 100 cm at various time
instants. The results demonstrate that the numerical method accurately captures the
entire process of the water entry problem [P3]. Hence, numerical simulations serve as a
valuable tool in examining the additional aspects of the slamming phenomenon that may
not be observable through experimental studies.

Figure 17. Comparison of experimental and numerical water entry of the wedge with 100 cm
initial drop height at different time instants [P2, P3].

37



The effect of structural stiffness on the deflection of the bottom plates of the 3D
wedge is investigated using two different FFSI numerical models. The distributions of the
bottom deflection (ABAQUS) and pressure (Star CCM+) at the time instant of bottom
maximum deflection are illustrated in Figure 18(a) and (b), respectively. In addition, Figure
18(c) compares the time histories of the maximum deflection on the unstiffened and
stiffened bottom plates computed by MMALE and CFD/FEM two-way coupling methods
for the case with 4.0 m/s initial impact velocity. As expected, the maximum deflection
differs significantly between the stiffened and unstiffened plates and increases with
higher impact velocity [P3]. It is shown that the maximum deflection on the unstiffened
bottoms of the wedge is 2.774 mm, occurring at t = 0.018s of the simulation time, while
the maximum deflection on the stiffened plate is 0.825 mm, happening at t = 0.012s.
These findings emphasize that the outcomes of both numerical approaches are
comparable and have the capability to predict the bottom deflection of the structure. In
addition, a comparison of the maximum deflection on both stiffened and unstiffened
plates is presented in Table 1, which is calculated using two different coupling techniques
at various impact velocities. The discrepancies between the two numerical methods are
also outlined in the table.
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Figure 18. Numerical results of the case with 4.0 m/s initial impact velocity: (a) bottom deflection
distribution; (b) pressure distribution on the bottom of the wedge; (c) comparison of maximum
deflection on the unstiffened and stiffened bottom plates with two different coupling methods;
(d) and pressure coefficient of stiffened and unstiffened bottom at 0.1 of wedge [P3].

Figure 18 (d) provides a comparison of pressure coefficient (C, = P/0.5pV?) calculated
on the stiffened (Cps) and unstiffened (Cru) bottom at different locations along the 3D
wedge. This computation is performed at a time interval on the order of 0.005s,
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corresponding to the moment when the spray root reaches 0.1 of the wedge wall length.
These results display that the structural rigidity affects the pressure coefficients,
particularly at lower deadrise angles (B = 20°).

Table 1. The differences in maximum deflection calculated with two different coupling methods at
various impact velocities [P3].

Unstiffened plate (6max) Difference Stiffened plate (6max) Difference

vi(m/s) [mml] (%) [mm] (%)
MMALE CFD-FEM MMALE CFD-FEM

2.20 0.720 0.835 14.7 0.267 0.234 131

3.00 1.355 1.563 14.2 0.535 0.463 14.4

3.55 1.872 2.152 13.9 0.746 0.651 13.6

4.00 2.401 2.774 14.4 0.951 0.825 14.1

Based on experimental and numerical findings, it has been discovered that the
choice of modelling the structure as either 2D or 3D can affect the results. Table 2
presents a comparison of numerical results of the maximum slamming force and
coefficients between 2D and 3D wedges. The purpose of this comparative analysis is
to examine the effect of dimensionality on the impact-induced loads. The results are
compared using a non-dimensional maximum force coefficient Crmax, Which is calculated
as Cpmax = Fmax/0.5pVZLtan . It is shown that the value of Crmax decreases for both
2D and 3D models as the initial impact velocity increases. The findings indicate that,
depending on the impact velocity and deadrise angle, the maximum slamming force
predictions from the 3D calculations are between 10.31% and 27.61% lower than those
from the 2D models where ACgmax = (Crmax,p, — Crmaxsp)/ CFmax,p- FUrthermore, the
results highlight that as the impact velocities increase, the differences in the maximum
force coefficient between the 2D and 3D models become more significant. These findings
emphasize the importance of considering the three-dimensionality effect in slamming
analysis, as it can lead to notable variations in the predicted slamming force.

Table 2. A comparison of the numerical results of the maximum slamming force and coefficient
between the 2D and 3D wedges at different impact velocities [P3].

Vi(m/s) Deadrise (deg.)  Fap (N) Crmax (2D) Fsp (N) Crmax (3D)  ACrmax (%)

20 59.85 2.74 2750 2.10 23.42
2.20 25 45.83 1.64 2139.5 1.32 19.79
30 36.66 1.06 1826 0.95 10.31
20 108.49 2.65 4702.5 1.98 25.12
3.00 25 85.08 1.62 4059 1.29 20.48
30 68.29 1.05 3470.5 0.93 11.54
20 148.32 2.59 6380 1.92 25.97
3.55 25 117.41 1.60 5555 1.26 21.14
30 95.05 1.05 5043.5 0.91 12.93
20 192.49 2.58 8360 1.87 27.61
4.00 25 143.66 1.50 6490 1.13 24.70
30 123.19 1.04 6325 0.89 14.43
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The time histories of pressure results and strain responses of all sensors were
compared between numerical simulations and experimental data, and the differences
were reported in [P3]. Figure 19 illustrates an example of the entire duration of
transverse strain responses of two sensors that are located at different positions on the
unstiffened plate of the wedge (Figure 8). The measured strain values are compared with
the numerical results, demonstrating the capability of the numerical model to accurately
simulate the structural response and post-impact behaviour. The time history of the
strain response also highlights the influence of the deadrise angle, with sensors
positioned in the section with a smaller deadrise angle (S8Tu) exhibiting higher peak
values. These findings provide valuable insights for further analysis of the structural
responses in the frequency domain and can contribute to a more comprehensive
understanding of the hydroelastic effect on the slamming impact.
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Figure 19. An example of strain response time history of the 3D wedge along with its comparison
against numerical calculations at 100 cm initial drop height [P2, P3].

The research conducted by Faltinsen in [3] highlights the significant influence of
various factors on hydroelastic slamming. These factors include the ratio between the
wetting time (i.e., load period) and the first natural period of the structure, as well as
parameters such as impact velocity and deadrise angle. The research findings indicated
that when load periods exceed the natural period of a structure, it becomes possible to
neglect certain hydroelastic effects [3]. As a result, in cases where these conditions are
satisfied, it may be appropriate to simplify analysis using quasi-static or one-way coupling
methods for modelling slamming problems. However, if these conditions are not met
and there is a significant interaction between fluid and structure, a fully coupled FSI
simulation becomes necessary. It should be noted that understanding how these various
factors interact can contribute to the development of more precise theoretical models
for predicting hydroelastic slamming phenomena.

In order to examine the effect of impact loads on the structural responses, an analysis
was conducted to study the relationship between the natural frequency of the wedge
and the impact time. This analysis was performed using fast Fourier transformation (FFT),
allowing for a comprehensive understanding of the structural behaviour under different
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impact conditions. Additionally, a comparison of the FFT analysis was made between the
port and starboard sides of the wedge to account for their differing structural rigidities,
as discussed in [P2]. Figure 20 presents the frequency distribution obtained from the
sensors located on the unstiffened plate of the wedge. Through the frequency analysis
of the strain responses, it is determined that the frequency of 30 Hz is the wet natural
frequency of the structure, which remained consistent regardless of the increasing
impact velocity. It is also observed that the frequency amplitude of S8Tu is higher than
that of S2Tu. This difference can be attributed to the lower deadrise angle, which leads
to higher impact loads in the section where S8Ty is positioned.

The frequency distribution of the sensor S2Ty obtained from numerical strain
response is also compared with the corresponding experimental findings, as illustrated
in Figure 20(c). The results indicate that while the first natural frequency can be
accurately predicted through the numerical analysis using FFT, the accuracy decreases
for the second and third frequencies. As already stated, the experimental study involved
two wedges with different masses, and Figure 20(d) demonstrates the influence of
wedge mass on the frequency distribution of strain responses. The analysis of the strain
response time histories revealed that the mass of the wedge affects the natural
frequency of the structure. Specifically, the natural frequency of the heavier wedge is
found to be 22.5 Hz, which is lower than that of the lighter wedge. These findings confirm
that the mass of the wedge plays a significant role in effecting both the frequency
distribution and amplitude of the strain responses. An increase in the mass of the
structure results in a noticeable decrease in its natural frequency.
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Figure 20. Frequency distribution of recorded strain responses on both unstiffened (U) and
stiffened (S) bottom plates of the 3D wedge [P2, P3].
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As a noteworthy outcome of this study, a valuable contribution is made by presenting
a detailed guideline for conducting FSI simulations to predict the slamming loads and
responses on ship structures. Table 3. provides an overview encompassing the
computational resources employed and FSI models utilised with commercial software
packages. By examining the different numerical models and coupling techniques used in
this study, valuable insights can be gained into the factors that affect and contribute to
the variability and uncertainty encountered in FSI simulations. Furthermore, it is highly
recommended to undertake rigorous convergence studies to address any issues that may
arise during FSI simulations. Particularly, conducting a trial-and-error analysis for penalty
coupling factors is crucial in the MMALE method. Furthermore, in the case of the
CFD-FEM two-way coupling method, it is crucial to carefully consider and investigate the
coupling parameters, including the number of exchanges per time step, the number of
inner iterations, and the FSI coupling under relaxation factor (URF). Moreover, using the
adaptive refinement mesh technique, rather than the overset mesh method, can reduce
the computational time in the CFD-FEM method. These practices ensure stability,
consistency, and accurate outcomes in numerical computations by verifying solution
independence from mesh refinement and determining suitable boundary conditions
while minimizing potential uncertainties.

Table 3. A comparison of different numerical models employed in this thesis: features, advantages,
and disadvantages [91, 97, 98, 111-113].

Software Star CCM+ LS-DYNA Star CCM+/ABAQUS
Version 13.06.012 R11.0.0 13.06.012/R2018
Structure 2D wedge 3D wedge 3D wedge
Computer feature PC: 40 cores PC: 40 cores HPC: 40 cores
Formulation CFD-FEM ALE CFD-FEM

Time integration Explicit/Implicit Explicit Explicit/Implicit
Coupling method ::sscilfgl;s;r;f) Penalty coupling Co-simulation
Coupling scheme Weak/Strong Weak Weak/Strong

Mesh technique
Fluid domain
Solid domain
Time step
Simulation time

Computation time

DFBI morphing
Hexahedral mesh
Solid elements
1.0E-4s

0.05s

10 hrs for two-way
coupling (implicit)

Mesh motion
Hexahedral elements
Shell elements

5.0E-7 s

0.05s

Single SMP: 51 hrs
precision MPP: 15 hrs

Morphing mesh
Trimmed cell mesh
Shell elements
5.0E-5s

0.05s

92 hrs for two-way
coupling (implicit)

Star CCM+

o Effortless pre-processing.
e Integration of fluid and solid solvers within a single software package.
e Utilization of adaptive mesh refinement (AMR) technique.

e Implementation of adaptive time step for improved efficiency.

e Straight forward convergence.

e Customizable post-processing data.

Pros

LS-DYNA

e Convenient handling of coupling parameters.
o Single software package implementation of coupling technique.
e Independent mesh motion in the fluid and solid domains.

¢ Avoid data transfer errors or inconsistencies between software.
e Enhanced convergence and stability.

42



Table 3. Continued.

o Flexible choice of coupling methods (one- and two-way).
e Adaptive time step and mesh refinement to optimize simulations.

Pros Star CCM+/ 4 Can handle large-scale or complex FSI problems more efficiently.
ABAQUS e Better accuracy and robustness for certain FSI problems.
e User-controlled data transfer scheme between solvers.
o Flexibility for user-defined post-processing.
o Limited applicability (2D or simple 3D structures).
Star CCM+  ® Requires mesh refinement, particularly near the FSl interface.
o Sensitivity to time step and number of inner iterations.
o High computational time consumption.
o Reduced accuracy at high impact velocities
e Trial and error analysis required for coupling factors.
o Insufficient Lagrangian mesh refinement can lead to coupling failure.
LS-DYNA o Distorted shaped elements can cause instabilities and inaccuracies.
Cons o ALE method is both case- and parameter-specific.
e Double precision improves accuracy but is extremely time-consuming.
e High fluctuations in slamming pressure results require mitigation.
e Implementation of fluid and solid domains in different software.
e Potential errors and inconsistencies in data transfer and interpolation.
Star CCM+/  ® Convergence and stability issues for some FSI problems.
ABAQUS e High requirement for user input and expertise in setting up FSl interface.

e High computational time consumption.
e Sensitivity to mesh size, time step, data exchange, FSI under-relaxation
parameter, and number of inner iterations.
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5 Conclusions

In this thesis, the dynamics of ship’s bottom slamming have been comprehensively
studied through a combination of experimental and numerical approaches. The study
focused on examining the effects of hydroelasticity on the hydrodynamic pressure and
structural response of both 2D and 3D flexible V-shaped structures. A series of systematic
drop tests were performed on a non-prismatic aluminium wedge section, which resembles
a fore body of semi-planing to planing vessels. These tests enabled the study of
simultaneous structural responses induced by slamming loads and provided a high-quality
dataset for hydroelastic slamming analysis. To assess the influence of flexural rigidity on
the impact loads and responses, the wedge section was designed with both stiffened and
unstiffened bottom plates. The experimental study extensively investigated the effects
of three-dimensionality, impact velocity, deadrise angle, structural rigidity, and mass of
the wedge on vertical acceleration, slamming pressure, and strain responses. The findings
from experiments emphasised the importance of coupling analysis between fluid
dynamics and structural response for accurately capturing the slamming phenomenon.

On the basis of experimental observations conducted in this study, a two-way coupling
technique was implemented in the numerical simulations to model the water entry
problem. This enables a more accurate prediction of the hydrodynamic pressures and
structural behaviour, ultimately enhancing the understanding and analysis of slamming
events in ship structures. The hydrodynamic loads acting on the wedge were effectively
simulated using three different numerical methods, resulting in accurate capture of the
corresponding structural responses. The observed slight variations in the maximum
values of pressure and strain can be attributed to the different coupling techniques
employed in the FFSI simulations. The characteristics, implementation challenges,
as well as the advantages and disadvantages of each numerical method were discussed
in detail.

This thesis provides an in-depth analysis of the various aspects of impact induced loads
and responses. The following findings represent the most important conclusions that can
be drawn from this study:

e As the impact velocity increases, the deflection of the bottom plate also
increases. This highlights the importance of conducting a coupled FSI assessment.

e Hydroelasticity plays a significant role, influenced by factors such as deadrise
angle, impact velocity, bending stiffness, and the first natural period of the
structure. The impact of hydroelasticity is prominent in the unstiffened bottom
at all impact velocities, while for the stiffened bottom, it becomes important
primarily at high impact velocities and small deadrise angles.

o Stiffened bottom plates experience higher peak pressure compared to
unstiffened bottom plates, and the pressure relaxation in the unstiffened bottom
results in a delayed peak pressure, particularly evident at higher impact velocities
and lower deadrise angles.

e The time history of strain responses exhibits two phases: maximum strain and
elastic vibrations. During the partially wetted phase, bottom plates undergo
significant strain and deformation, with more pronounced elastic vibrations
observed in the unstiffened bottom at high impact velocities.

44



e Comparing 2D and 3D wedge sections, it was found that three-dimensional
effects influenced slamming loads, with the 3D model predicting lower maximum
force coefficients than the 2D model. Specifically, the 3D calculations showed
approximately 10% to 14% lower maximum slamming force coefficients for a
wedge with a deadrise angle of 30° and around 23% to 27% lower coefficients for
a wedge with a deadrise angle of 20°.

e |t was found that the numerical models employed in this study are highly
dependent on the coupling parameters. In the MMALE method, the penalty
factors play a significant role, while in the CFD-FEM method, the coupling setup,
including data exchange and under-relaxation factor, is crucial. Furthermore, the
study revealed that the effect of viscosity on pressure distribution and structural
responses is negligible.

e Based on the numerical results, it was determined that the CFD-FEM method
provides higher accuracy compared to the ALE method, although it does come at
the cost of longer computational time. Moreover, it was noted that the accuracy
of the ALE method decreases at high impact velocities.

The results of this thesis contribute to a deeper understanding of the hydroelastic
nature of impact loads, which can have significant implications for the structural integrity
of ships and high-speed marine vehicles. These findings provide valuable insights into the
behaviour of ship structures during slamming events, emphasizing the importance of
fluid-structure coupling, hydroelasticity, and three-dimensional effects in achieving
accurate prediction and analysis. To further improve future numerical simulations,
several modifications are suggested. For the CFD-FEM method, it is advisable to
incorporate adaptive time step and mesh refinement to reduce computational time.
Although utilising double precision in the ALE method increases computational time,
it can enhance the accuracy and reliability of the results. Additionally, conducting
an asymmetric analysis of hydroelastic slamming can provide a more realistic
representation of the problem and examine the influence of heel angle on the results.
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ABSTRACT

This paper examines the hydroelastic problems of a two-dimensional symmetric flexible wedge water entry
through free-fall motion. Water entry is numerically investigated by coupled Finite Volume Method and
Finite Element Method using a strong two-way coupling approach. The emphasis of this study is on
numerical approach and the paper provides an accurate two-way FSI coupling method for the water
entry of two-dimensional symmetric elastic wedge section in different conditions. The effect of freefall
velocity is investigated by comparing the constant velocity and freefall impacts. It is shown that the
bottom deflection is overestimated by using the constant velocity. In order to evaluate the accuracy of
the numerical model, the numerical results are compared and validated against published experimental
data and favourable agreement is reported. The vertical position, impact velocity, acceleration, pressure
distribution, and deflection along the bottom plate of the elastic wedge are evaluated and compared to
experimental data. For better understanding of the hydroelastic slamming, the results are presented for
different deadrise angles and vertical velocities. The relation between the structural deflection and
vertical velocity, deadrise angle, and pressure distribution is investigated. It is observed that the
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significance of hydroelasticity increases with decreasing deadrise angle and increasing impact velocity.

1. Introduction

In recent decades, due to the importance of the effect of slamming
loads on the marine structures, many studies have been conducted
on water entry problems. The phenomenon of slamming is a com-
plex problem of air-water-structure coupling, and it is simplified
by many researchers to a two-dimensional rigid body impact. How-
ever, it may not always be accurate to make this assumption. When
the duration of the impact loads is much shorter than the natural
period of the structure, the phenomenon is referred to as hydroelas-
tic slamming and it affects the ship structures, the performance of
the vessels and the crew on board. Such loads of short duration
stimulate the dynamic response of the ship structures and initiate
vibratory response and fatigue problems. In turn, the hydrodyn-
amic load itself is also affected by the structural response. The
impact loading causes the wedge to deflect, which influences the
fluid flow and the instantaneous pressure loading on the structure.
This dependency makes the flexible wedge water entry problems a
challenging task for a numerical assessment.

Solving the water entry problem provides structural loads for
marine structures (Faltinsen 2001), and it can be used for evaluating
the dynamic motions of planing hulls by extending the 2-D sec-
tional forces in longitudinal direction (Akers 2014; Hosseinzadeh
et al. 2018). Comprehensive literature review for wedge water
entry phenomena and hull slamming is made by Abrate (2013).
Hirdaris et al. (2014) presented an extensive overview of the
methods for impact loads and hydroelasticity in the design of
ships and offshore structures. Numerous studies have attempted
to explain the fluid dynamics phenomena and hydrodynamic
impact around a symmetric wedge at constant vertical velocity.
Zhao et al. (1996) investigated vertical water entry of a symmetric
wedge and used an approximate solution without considering
flow separation. Judge et al. (2004) studied asymmetric wedge-
impact flows at vertical and oblique angles with horizontal as well
as vertical impact velocity and found good agreement between

the experimental data and the numerical predictions. Southall
et al. (2014) predicted impact loads using OpenFOAM and com-
pared the results with the experiment data of WILS wedge test
cases. They calculated the time history of the impact pressure and
forces of 2D wedges for different deadrise angles and tilt angles
and concluded that the presented CFD method is a suitable tool
for the prediction of slamming pressures and loads. In addition, a
review of the capabilities of CFD to predict the impact of a rigid
wedge-shaped body on the water surface can be found in Southall
et al. (2015). Bilandi et al. (2018) simulated a finite volume method
(FVM) for the two-dimensional symmetrical and asymmetrical
wedges entering calm water at constant vertical velocity. To find
more realistic and applicable results, the free-fall condition for
water entry problems is considered by many researchers. The
water entry problem of a wedge through free-fall in three degrees
of freedom was studied through the velocity potential theory for
the incompressible fluid by Xu et al. (2010). Izadi et al. (2018b)
investigated a numerical simulation pattern based on FVM
approach for the free-fall of two-dimensional rigid wedges in differ-
ent deadrise angles. Furthermore, the hydrodynamic problem of
oblique water entry of an asymmetrical wedge was analysed by Hos-
seinzadeh et al. (2020) and concluded that the heel angle dramati-
cally affects the wedge dynamics, pile-up evolution, and pressure
distribution.

While the water entry problems of rigid bodies have been widely
studied and there are some analytical solutions capable to predict
the slamming loads, the effect of deformation of the flexible struc-
tures on the hydrodynamic pressure is still a complicated problem
and needs more studies. Faltinsen (1997) and Faltinsen et al. (1997)
carried out two major works, which analysed the interaction of the
fluid and the structure during water impact. Theoretical and exper-
imental drop tests of the horizontal elastic plates were reviewed by
Faltinsen (2001). Bereznitski (2001) developed various numerical
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codes which calculated potential velocity around the wedge for con-
sideration of the effects of elasticity on slamming phenomena and
noted that the ratio of the duration of the water impact to the natu-
ral frequency of the structure is the most important factor to be
considered in the computations. Later, Stenius et al. (2007) solved
Fluid-Structure Interaction (FSI) during the water entry impact
by developing one of Bereznitski (2001) codes. Korobkin and Kha-
bakhpasheva (2006) solved the hydroelastic problem of water
impact of the wedge section bodies by using one-way coupling
between the Wagner solution and Finite Element Method (FEM).
Maki et al. (2011) studied the constant-velocity impact of an elastic
wedge-shaped body using a one-way-coupled simulation method.
Panciroli (2012) investigated the slamming phenomenon experi-
enced during the water entry of deformable bodies by experimental
and numerical methods. Moreover, the water impact of deformable
wedges was experimentally and numerically investigated by Pancir-
oli et al. (2013) and suggested that the occurrence of hydroelasticity
depends on the ratio between the natural frequency of the structure
and the characteristic wetting time. Wagner solution and the Euler
beam theory were used by Shams and Porfiri (2015) to find the
structural response of the wedge entering water. Mesa and Maki
(2017) established a coupled fluid-structure interaction algorithm
for a flat plate entering water with high horizontal velocity. The
hydroelastic impact of asymmetric and symmetric 2D wedge sec-
tions with constant vertical velocity into calm water were numeri-
cally studied by Izadi et al. (2018a). Ren et al. (2019) investigated
the dynamic structural response of the bottom plate of a wedge
both experimentally and computationally. They used a one-way
coupling approach for predicting the deflection of the plate and
found a slightly higher prediction for deflection. Their experimental
studies further developed to different drop heights by Javaherian
et al. (2019). As a recent experiment, Todter et al. (2019) exper-
imentally measured hydroelastic effects on impact-induced loads
acting on flat bottom ship structures and investigated the hydroe-
lasticity of the flexible flat plate by studying the time histories of
pressures, forces, and deformations. Although water entry pro-
blems have received much attention in the past decades with a
focus mainly on 2D rigid bodies, ship slamming still requires
further investigation in regard to structural deformation and elas-
ticity effects. Besides, the effects of the vertical velocity, deadrise
angle and structural elasticity on the hydroelastic slamming are
not fully understood.

In the current study, the hydroelastic slamming of a two-dimen-
sional symmetric flexible wedge through free-fall motion is investi-
gated computationally. The aim of the paper is to examine the
hydroelastic effect of a deformable wedge section by implementing
an accurate numerical model. In addition, a parametric study is
conducted to identify the influence of different parameters on
pressure distribution and structural response. This paper presents
the kinematics results of the wedge, hydrodynamic loading, free
surface elevation, and the structural response of the bottom plate.
In order to achieve near-realistic results, the physically admissible
vertical velocity is considered during the simulation. The governing
fluid dynamic equations are solved using Finite Volume Method
(FVM) with overset mesh technique, while the fluid is assumed
to be viscous. For the structural domain, the FEM scheme is uti-
lised. This fluid-structure interaction problem is simulated under
two-way fully coupled assumptions and the implicit unsteady solver
is employed for both fluid and structure domain. The obtained
results are compared against analytical solution and previous exper-
imental data for validation and verification of the simulations. Main
results of the current study are presented in various drop heights
and deadrise angles to analyse the effect of hydroelasticity. The ver-
tical acceleration, bottom plate deflection, and pressure coeflicients
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are compared in different conditions. In addition, the free surface
elevation around the wedge wall and time history of the pressure
and strain at the midpoint of the wedge are computed.

2. Problem description

In this paper, a two-dimensional symmetric flexible wedge with a
width of B and deadrise angle of  is assumed. The schematic of
the problem is illustrated in Figure 1. It is considered that the
wedge can freely fall into the water, while its angular and horizontal
motions are confined. The initial vertical velocity of the wedge is
assumed to be zero and the impact velocity is defined via the
drop height. Before the water impact, the wedge is free of any
deflections. Once the wedge touches the calm water surface, the
hydrodynamic pressure develops over the wedge resulting in the
deflection on the bottom plate.

The deflection of the bottom plate is denoted as § and it is con-
sidered positive when the plate is deflected towards interior of the
wedge. The same pressure distribution and deformation patterns
are assumed for both sides of the wedge. see Figure 2. It is obvious
that the bottom deflection will lead to the variation of pressure in
comparison with a rigid wedge.

2.1. Fluid domain

As shown in Figure 1, the fluid domain consists of the air and water,
separated by the free surface. The fluid is assumed to be laminar and
incompressible. The continuity equation and the Navier-Stokes’s
equation can be written in differential form as

Vv=0 (1)

D(pv)
Dt

where v is the fluid velocity vector, p the fluid density, u the fluid
viscosity, p the fluid pressure, and g the acceleration due to gravity.
The nature of hydroelastic free-surface phenomena requires the sol-
ution of the free-surface position. The water entry problem has a
complex evolution of the free surface during the impact stage. In
order to achieve an accurate solution for the nonlinear and complex
free surface, the volume-of-fluid (VoF) interface-capturing tech-
nique is used. The density (p) at each cell is computed by Equation
(3) and the kinematic viscosity (p) is found by Equation (4):

—Vp+ V.(uv) + pg ()

p=ap,+(1—a)p, (3)

p=ap, + (1 —ap, (4)

where w and a subscripts are for water and air, respectively. The
volume fraction of the fluid is a and the governing equation on a is:

Z—C: + V.(av) =0 (5)

The FVM and Semi-Implicit Method for Pressure-Linking

Equations (SIMPLE) are used to study the fluid domain around

the wedge during the impact. Additionally, the volume fraction of

the fluid a is solved by VoF approach by using the High-Resolution
Interface Capturing (HRIC) scheme (Star CCM+ 2019).

2.2, Structural domain

The structural part of the problem is solved using the finite element
method. The bottom panel is considered as an Euler-Bernoulli
beam subjected to the slamming load q(x,t) which moves from
one end to the another. The deflection of the beam is 8(x.t),
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Figure 1. Problem domain and boundary condition of the numerical model with overset region and initial drop height in 20° derdrise angle. (This figure is available in

colour online.)

where x(0<x < L) is the position within the beam, t is time and L is
the length of the beam from keel to chine. To define the governing
equation, deflections are assumed to be small, the wedge material is
homogeneous, and the wedge plate cross-section is constant along
its bottom. Neglecting the rotations and using the Euler-Bernoulli
beam assumptions the governing equation on the wedge structure is

8(x, 1), 0*8(x, 1)

P +u FY q(x, 1) (6)
where EI is bending stiffness (assumed constant) and u* is total
mass per unit length of the beam. The dynamic behaviour of the
wedge’s flexible bottom is described via displacement field u and
its time derivatives as

EI

Mit+Kit+Cu=gq 7)

where M, K, and C are the structural mass, damping, and stiffness
nxn matrix, respectively. The structural problem is solved by using
finite element method.

2.3. Coupling method

To solve the fluid-structure problems (FSI), different types of coupling
methods can be used between fluid and structural domain. Due to the
dependency between the hydrodynamic forces and the structural
response, the one-way or two-way coupling method can be employed.
According to previous studies, results from the two-way coupling
method are more accurate and promising than results from the one-
way coupling (Benra et al. 2011; Lakshmynarayanana and Hirdaris
2020). Moreover, as the slamming problem is under short-term
dynamic load and to obtain an applicable solution, the strongly two-
way coupling method is used in this study. As shown in Figure 3,
the FSI boundary is adopted on the walls of the structure. Numerically
computed values of the fluid vector are set to be at the rate of defor-
mations of the wedge at each instant. The idea is to use a coupled
equation that uses the pressure in the fluid domain p, and the struc-
tural displacements u, as the working variables. Accordingly, a parti-
tioned solution scheme with implicit coupling is employed.

Figure 4 provides an overview of the algorithm used for the
numerical computations. The algorithm explains the two-way coup-
ling scheme employed for the FSI co-simulation. The simulations
are run from the STAR CCM+ (STAR-CCM+ 2019) environment,
which includes the FVM and FEM analysis in its solver process. Laksh-
mynarayanana and Hirdaris (2020) explained the differences between
one-way and two-way coupling methods. There are different coupling
algorithms, and for loosely coupled problems, it is adequate to update
the fields between each time step, which is known as explicit coupling.
Itis necessary to update the fields at each iteration for strongly coupled
problems, which is called implicit coupling. In the present study, the
implicit coupling approach is implemented in the two-way coupling
scheme, which uses the fixed-point iterative method with under-relax-
ation to accelerate the convergence. As illustrated in Figure 4, after the
pre-processing step, the fluid solver creates the initial field variables
and maps the pressure loading to the contacting surface of the
wedge structure. The implicit unsteady solver and the segregated
flow solver are employed to solve the discretised set of governing
equations. After applying the hydrodynamic loads on the structure,
the finite element structural solver calculates the dynamic structural
response directly in the time domain employing the second-order
Newmark method. The structural solver updates the nodal displace-
ments, which are obtained using a sparse direct matrix solver algor-
ithm, MUMPS (STAR-CCM+ 2019). The mesh morphing solver is
applied to transform the structure displacements to the fluid domain,
after which the overset mesh is updated. The process is continued to
reach either the convergence criterion or the maximum number of
iterations, after which the algorithm advances to the next time step.

3. Numerical modelling
3.1. Problem setup

The hydroelastic wedge entering water constitutes a transient pro-
blem with large deformations relative to the thickness of the bottom
plate. Therefore, a fully coupled method with free-fall motion is
considered for analysing the flexible wedge. In the current study,
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Pressure
Distribution

Figure 2. A schematic water entry problem of a two-dimensional symmetric flexible wedge with the deflection () on the bottom. (This figure is available in colour online.)

a two-dimensional symmetric wedge with a deformable bottom
plate is simulated. The setup resembles the laboratory experiments
of Javaherian et al. (2019). The computational domain of the FSI
problem is illustrated in Figure 1. Two side walls are considered
on the right and left sides of the fluid domain. On the side plating
of the wedge, a free-slip condition is applied, and the gradient of the
volume fraction is considered to be zero. The fluid domain is
assumed to consist of water and air. The length of the considered
domain is 12B and its depth is taken as 10B, see Figure 1. To give
an accurate description of physical impacts, where the impacting
object is accelerated in any degree of freedom, the dynamic fluid
body interaction (DFBI) method should be chosen for the wedge.
Figure 5(a) displays a schematic of the front view of the 2D
wedge section. In addition, the principal characteristics of the
wedge can be seen in Table 1.

The thickness of the bottom (#,) and side () plates are designed
to be 3.17 and 12.7 mm, respectively then the side plates are much
more rigid compared with the bottom plates. In order to obtain
comparable results between numerical and experimental study, a

a)

Viia =0

b)

Vﬂuid = [1, v, W]strutture

Figure 3. Fluid-structure interaction boundary condition (a) rigid body (b) FSI
model. (This figure is available in colour online.)

2D section of the wedge is modelled and the weight of the wedge
equals to 0.644 kg as in the reported experiment. Figure 5(b)
shows the top view of the bottom flexible plate with eight pressure
points (P;-Pg) with 33.9 mm spacing starting from the keel.

3.2. Mesh setup

The finite volume method (FVM) is used as the fluid solver and the
governing equations are discretised over a grid of cells, with the
nodal values evaluated at the centre of each cell. The fluid grid is
built up by hexahedral cells that lead to an accurate solution and
are particularly well suited for free surface problems. The overset
mesh follows the body, and nodal values are interpolated between
the background mesh and the moving mesh. The overset mesh
method decreases computational time by producing small mesh
sizes near the wedge walls and free surface. The overset region
which surrounds the wedge is a rectangle with a length of 3.5B
and 2B width (Figure 1). The minimum grid size is 2 mm at the
overset region which a refinement on the bottom surface with
0.5 mm grid size is considered. As the mesh must be updated to
account for the deformations, the mesh morpher method is
employed. This method allows boundaries and nodes to move
within the domain and deforms the mesh for each time step. For
the structural domain, the finite element method with tetrahedron
mesh using mid-side vertex (quadratic) is applied. The mid-side
vertex adds mid-side nodes as interpolates of the corner nodes.
The minimum grid size for the structural region is 1 mm. The gen-
erated mesh both in the overset region and structural domain is
shown in Figure 6. The time-step size for both the fluid and solid
solvers is selected to be At=0.1 ms with 15 internal iterations.
During the simulation, care was taken to ensure that the mesh
and time-step size are fine enough to limit mesh distortion issues
after each structural calculation.

In order to find the most optimum mesh that is appropriate for
the current freefall simulation, the response of a wedge of 20° dead-
rise angle with 2.23 m/s impact velocity is examined. Three differ-
ent mesh sizes are considered, see Table 2. The mesh study is
organised for both the fluid and solid domains of the described pro-
blem. Accordingly, the time history of the pressure at the midpoint
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Figure 4. Algorithm used for the water entry problem of the flexible wedge includes the strongly two-way coupling scheme. (This figure is available in colour online.)

and the deflection of the bottom plate are computed from the As illustrated in Figure 7, large fluctuations are observed in the
beginning of the impact for each of these mesh sizes and the results ~ computed midpoint pressure and deflection when the coarse mesh
are compared against each other. The results of these three different  is used. Therefore, the results of coarse mesh are undesirable. Fur-
mesh sizes are shown in Figure 7. thermore, it is apparent that the deflection results of the medium

127mme= "

408.9 mm

b4
Keel‘ Py P, Py Py Ps P P; Py

| oo,qoooo]gbxme
304.8 mm < N

339mm 33.9mm
b)

Figure 5. A drawing of the midsection of the flexible wedge (a) the dimension of the wedge and )b) arrangement of pressure points with 33.9 mm spacing. (This figure is
available in colour online.)



Table 1. Main particulars of the flexible wedge.

Parameter Value
Breadth (B) 573 mm

Overall Depth (D) 408.9 mm

Deadrise angle (B) 20 deg

Panel thickness (ty,) 3.17 mm

Side thickness (t) 12.7 mm

Material Aluminium, 6061-T6
Density of Structure (ps) 2700 kg/m3
Young’s modulus (E) 68.9 GPa

Poisson’s ratio (v) 0.33

mesh are smaller than fine mesh and the maximum deflection on
the bottom of the wedge is underestimated using medium mesh.
Consequently, the fine mesh is adopted for modelling the present
water entry problem.

3.3. Validation of numerical model with experiments

To verify the validity of the current hydroelastic simulations, the
computed results are compared against the experimental data pre-
sented by Javaherian et al. (2019) and Ren et al. (2019). The results
of the numerical simulations with initial drop height of 0.254 [m]
and zero initial velocity are compared with analytical solution
and experimental results. For the analytical solution, the modified
Wagner method presented by Zhao and Faltinsen (1993) is used.
Figure 8(a) displays the time history of the vertical position and
good agreement can be observed.

Figure 8(b) depicts the time history of the vertical velocity. As
shown, the curve has a good agreement for the falling period before
the impact moment, but the deviation becomes discernible after
impact and it is due to the velocity is calculated by integrating
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the acceleration in the experiment (Javaherian et al. 2019). In the
vertical velocity, the maximum negative values are very close to
the experiment, and the corresponding error is about 2.9%. The
acceleration time history of the wedge illustrated in Figure 8(c).
The small error associated with the prediction of the maximum ver-
tical acceleration increases by increasing drop height. Therefore,
larger initial drop height means a higher impact velocity at the
time the wedge reaches the water, which leads to larger errors. It
is evident that the errors highly decrease after this time instant.
That is, the larger drop height adversely affects the accuracy at
the onset of the impact, and subsequently, errors reduce. Moreover,
it is shown that the analytical method has less accuracy to predict
the acceleration peak of the elastic wedge and cannot capture the
post-impact stage of the water entry problem. Based on the results
illustrated in Figure 8, there is a good agreement between numerical
and experimental results. The discrepancy is likely due to friction in
the bearings that are used in experiment.

Hydrodynamic pressures acting on the wedge with 20-degree
deadrise angle for different pressure points, as defined in Figure
5, are computed and compared against the experimental results.
Pressure time histories due to the 0.079 and 0.254 [m] drop height
are illustrated in Figure 9. Generally, the results reveal that the pro-
posed numerical approach is suitable to simulate such experiments.

As demonstrated in Figure 10, the results of computed pressure
coefficient along the wedge, in dimensionless variables, are com-
pared against Wagner’s method and previous experimental data
for the wedge in different deadrise angles. The vertical axis rep-
resents the pressure coefficient (CP:P/(O.Sp(V(t))Z)) where V(t)
is the instantaneous wedge velocity, and the horizontal axis normal-
ised by the vertical distance (y/vt). In comparison with the @ien
(2015) and Yettou et al. (2006) experiment, the peak pressures
are relatively similar, and the trends are in good agreement.

b)

Figure 6. Generated mesh, (a) mesh of the overset region with a close view around the wedge apex (b) close up view of the generated mesh on the structure. (This figure is

available in colour online.)
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Table 2. Considered grids size for fluid and structure domain for wedge with 20-
degree deadrise angle and 0.254 [m] drop height.

Fluid Domain

Type of Mesh Coarse Medium Fine
Number of Cells 44266 109000 407273
Structural Domain

Number of Cells 2170 21660 102540

There is a difference between the computed and experiment C,
because the simulated wedge is elastic. Therefore, due to the flexi-
bility of the computed results, the maximum C, is smaller than
the analytical method and experiment.

In addition to hydrodynamics loads, the predicted deformations
of the wedge are calculated and compared against the experimental
data. A wedge with 20-degree deadrise angle with initial drop height
of 0.254 [m] is simulated. Comparison of the predicted bottom
plate deflection time histories against experimental data are dis-
played in Figure 11. In order to examine the effect of free fall vel-
ocity on bottom deflection, the results of the same wedge in
constant vertical velocity are presented. As shown in Figure 11,
using constant velocity leads to an increase in the difference
between the computed results and the experiment. The error at
the peak value of plate deflection compare with experimental maxi-
mum deflection and the deflection at the spray root is 9.8% and
3.6%, respectively. It is observed that the results are in good agree-
ment, and the trend of the current results is similar to the exper-
imental data.

The deflection from keel to chine can be seen in Figure 12.
The predicted maximum deflection (8,,.x) at 15 and 20 ms
after impact are compared against the experimental data. Based
on this figure, the numerical maximum deflection happens earlier
than experimental. In other words, friction in the experiment set-
up affects the pressure peak, spray root, and the maximum
deflection. There could be several reasons for the deviation. To
avoid numerical instabilities, the number of iterations in each
time step, the simulation time step, and the mesh set-up should
be considered in an efficient and accurate way. The mesh distor-
tion was also a reason for many failed simulations, which is a
cause for pressure divergence. Using overset mesh with a morph-
ing method can overcome this problem and reduce compu-
tational costs. According to the comparison, there is a good
agreement between computational results and experimental
data, and it is concluded that the numerical model setup does
accurately describe the physics of the experiment. The effect of

30 "
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== =Medium
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constant velocity and freefall impact on the deflection distri-
bution is shown in Figure 12.

4. Results and discussion
4.1. Effect of structural rigidity

In order to examine the influence of structural elasticity, the wedges
with different bending stiffness are simulated. This is achieved by
simulating wedges assuming either steel or aluminium structure.
In both cases, the structural mass is kept the same for both
materials. The material parameters for steel are p,=7800 kg/m3
(density of structure), E =210 GPa (Young’s modulus), and v =
0.3 (Poisson’s ratio). The material parameters of aluminium are
presented in Table 1. Pressure time histories due to the 20 cm
drop height with a 10-degree deadrise angle for two different
wedges are shown in Figure 13. As illustrated, each pressure
point reaches the peak value in a very short period of time. As
expected, due to lower flexibility of aluminium wedge and thus
the higher deflection on the bottom plate, the pressure points
reach the maximum peak value later than for the steel wedge.
This short period of time affects also the maximum peak value of
pressure.

Comparison of the bottom plate deflection time histories for
steel and aluminium is displayed in Figure 14. As the results
show, the steel has higher rigidity, and it leads to lower deflection
on the bottom plates. As illustrated, the structural elasticity has a
certain influence on the deflection and the slamming loads, and
this influence should be considered when determining the impact
loads on the structure.

The results of the current paper are presented in different sec-
tions. The influence of hydroelasticity on pressure coefficient in
different deadrise angles is investigated in the next section. Later,
the effect of vertical velocity on acceleration, plate deflection, and
strain is studied. The effect of the deadrise angle on the acceleration
and structure response is analysed in the last section. It should be
noted in all conducted simulations, material of the elastic wedge
is assumed to be aluminium 6061-T6, the initial vertical velocity
is zero, and the mesh settings are constant throughout the entirety
of this research.

4.2. Effect of hydroelasticity on C,
The free surface elevations around the wedge wall at different dead-

rise angles are shown in Figure 15. It is necessary to investigate the

0.9

—Fine
0.8

- = -Medium

0.7
0.6

0.5 |

8 (mm)

04 F
03
02 F

0.1 |

0.0

Time (ms)

b)

Figure 7. Mesh study of the simulation for a wedge with deadrise angle of 20° during free fall water entry with 0.254 [m] drop height (a) time history of pressure at
midpoint of the wedge wall and (b) time history of deflection at midpoint. (This figure is available in colour online.)
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Figure 8. Comparison of the computed results against analytical solution and experimental data Javaherian et al. (2019) (a) time history of vertical position, (b) time history
of vertical velocity (c) time history of vertical acceleration. (This figure is available in colour online.)

wetted surface of the wedge which can provide valuable infor-  water, and the vertical axis is dimensionless using d, the wedge pen-
mation about the structural response. In Figure 15, the horizontal etration at each instant. Based on the comparison of the results at
axis is non-dimensionalised using c, the half beam wetted by different deadrise angles, it can be concluded that when the deadrise
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Figure 9. Comparison of pressure time history at different locations of the elastic wedge with 20-degree deadrise angle (a) 0.079 [m] initial drop height (b) 0.254 [m] initial
drop height. (This figure is available in colour online.)
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Figure 10. Comparison of pressure coefficient (C,) with analytical solution and experimental results for a wedge with different deadrise angles. (This figure is available in
colour online.)
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Figure 11. Comparison of the maximum deflection versus time for 20-degree deadrise angle elastic wedge with constant velocity and freefall impact (ho = 0.254 m). (This
figure is available in colour online.)
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Figure 12. Comparison of the deflection distribution along the bottom plate of a 20-degree deadrise angle elastic wedge with constant velocity and freefall impact (ho =
0.254 m) (a) time =15 ms and (b) time = 20 ms. (This figure is available in colour online.)
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Figure 13. Comparison of the pressure time history at different locations of aluminium and steel wedges with 10° deadrise angle and 20 cm drop height. (This figure is

available in colour online.)
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Figure 14. Comparison of steel and aluminium wedges with 10° deadrise angle and 20 cm drop height (a) maximum deflection versus time and (b) deflection distribution

along the wedge. (This figure is available in colour online.)
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Figure 15. Free surface elevation (left) and pressure coefficient (right top) of the flexible wedges at hy =20 cm drop height (a) 10-degree deadrise angle, (b) 20-degree
deadrise angle and (c) 30-degree deadrise angle. (This figure is available in colour online.)
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Figure 18. Effect of impact velocity for the 20° deadrise angle wedge (a) maximum
(This figure is available in colour online.)

angle increases, the variation of the free surface profile in time
becomes less significant.

Since the deadrise angle is the most important parameter
influencing the pressure coefficient, its distribution over the
wedge wall, when the water reaches the midpoint, is also pre-
sented in Figure 15. The vertical axis represents the pressure
coefficient as defined before, and the horizontal axis normalised
by the vertical distance y/d (d the wedge penetration at each

Pressure (kPa)

0.05 0.1 0.15 0.2

Position keel — chine (m)

0.25 0.3

b)

deflection distribution along the wedge and (b) pressure distribution along the wedge.

instant). Pressure coeflicients at four different times are presented
for each deadrise angle in Figure 16. As expected, the peak
pressure decreases over time. The difference between pressures
at the first computed instant and the last computed instant
becomes larger when the angle decreases. The results show that
the pressure coefficient profile is dependent on the deadrise
angle and for the small angle, the profile illustrates a sharper
peak with a larger amplitude.
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Figure 19. Free surface elevation (left) and deflections (right) of the flexible wedge with 20° deadrise angle (a) 1.41 m/s impact velocity, (b) 1.98 m/s impact velocity and (c)

241 m/s impact velocity. (This figure is available in colour online.)

4.3. Effect of impact velocity on &

To evaluate the effect of impact velocity on the plate deflection,
simulations have been conducted with different drop heights. The
flexible wedge with the same geometry for all cases falling freely
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in the water at 10, 20, and 30 cm drop heights. As shown in Figure
17(a), the time histories of acceleration at three different vertical
velocities are compared. The time histories of deflection on the bot-
tom plate of the wedge are displayed in Figure 17(b). As expected,
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Figure 20. Time series of pressure and strain at the midpoint of the wedge with 20° deadrise angle (a) 10 cm drop height and (b) 30 cm drop height. (This figure is available

in colour online.)
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Figure 21. Comparison of different deadrise angle for the flexible wedges at 20 cm initial drop height (a) time history of acceleration and (b) time history of deflection.

(This figure is available in colour online.)

by increasing the impact vertical velocity (higher drop height) the
peak value of deflection increases.

To further analyse the structural response of the wedge, the
maximum deflections along the bottom plate are illustrated in
different drop heights in Figure 18(a). The results show the maxi-
mum deflection increases by increasing drop height. The pressure
distribution along the wedge is studied at the time that the bottom
plate is on the maximum deflection. Figure 18(b) illustrates the
computed pressure distribution at the time when the maximum
deflection occurred in different drop heights. It appears that the
plate deflections are associated with the shape of the pressure distri-
bution and its magnitude at certain locations.

Free surface elevation and maximum deflection of the bottom
plate of the flexible wedge are shown in Figure 19. All the results
are related to the time at which the maximum deflection condition
begins. As demonstrated, when the spray root reaches near the
middle of the plate, the maximum deflection happens. Accordingly,
by analysing the location of the spray root, a better view of the
structural response can be observed.

Figure 20 illustrates overlaying time histories of midpoint
pressure and strain for the elastic wedge with 20° deadrise angle
in two different initial drop heights. The behaviour of pressure
and strain, as shown by the results, is distinctly similar. As a result
of this section, for higher vertical velocity, the effect of hydroelasti-
city will be significant and it should be considered in the structural
studies of marine structures.
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4.4. Effect of deadrise angle on &

In this section, the relation of the deadrise angle with acceleration,
deflection, and free surface elevation is studied. The computed accel-
eration for these different wedges is shown in Figure 21(a). Based on
the obtained results, the maximum peak value of acceleration
appears on the wedge with a deadrise angle of 10°. As illustrated in
Figure 21(a), some numerical fluctuations are observed after impact
for the flexible wedge acceleration with 10° deadrise angle. It has hap-
pened as a cause of numerical instabilities. The time history of the
bottom plate deflection is displayed in Figure 21(b) for all wedges.
This figure shows the behaviour of the deflection during the elastic
impact. As indicated, immediately following the impact, the wedge
experiences a sharp deflection and reaches a peak and after that
decays gradually. As expected from acceleration curves, the deflec-
tion of the wedge with a deadrise angle of 10° is larger than that of
other wedges. The reason for this fact is that the wedge with a dead-
rise angle of 10° is exposed to larger pressure impact, and therefore
the hydrodynamic loads acting on it become larger.

To evaluate the elastic effect, the deflection and pressure distri-
bution along the bottom plate in different deadrise angles is demon-
strated in Figure 22. As shown, the deflection of the wedge with 10°
is larger than that of other wedges and the maximum pressure peak
value has happened smaller deadrise angle.

The simulated free surface elevation, pile-up around the
wedges, and maximum deflection on the bottom plate with

60
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Figure 22. Effect of deadrise angle for the wedge at 20 cm initial drop height (a) maximum deflection distribution along the wedge and (b) pressure distribution along the

wedge.
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Figure 23. Free surface elevation (left) and deflections (right) of the flexible wedges at 20 cm initial drop height (a) 10-degree deadrise angle, (b) 20-degree deadrise angle

and (c) 30-degree deadrise angle. (This figure is available in colour online.)

deadrise angles of 10°, 20°, and 30° are displayed in Figure 23. All
the results are related to the time at which the maximum deflec-
tion condition happens on the bottom plate. A comparison
between the results of different wedges shows that wedge with a
deadrise angle of 10° experiences the largest deformation, while
the wedge with deadrise angle of 30° experiences the smallest
deformation. As observed, the vertical velocity for all wedges is
same but as a cause of different deadrise angle, the time to reach

the maximum deflection is different for the wedges. Therefore,
as a result, when the angle between the impacting free surface
and the body surface is small, hydroelasticity effect is significant
and must be considered. Figure 24 depicts the overlaying of mid-
point pressure and strain time histories for the elastic wedge with
different deadrise angles at 20 cm initial drop height. As expected,
the pressure and strain have the same behaviour during freefall
impact.
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Figure 24. Time series of pressure and strain at the midpoint of the wedge with different deadrise angles and 20 cm initial drop height. (This figure is available in colour

online.)



5. Conclusions

The aim of this paper has been to simulate and investigate the
hydroelastic slamming of a two-dimensional symmetric flexible
wedge. A numerical model is established to conduct coupled simu-
lations between fluid and structural domain. This has been achieved
by using the commercial software STAR CCM+ and the problem is
simulated by coupling FVM and FEM by using a two-way coupled
approach. The validity of the proposed numerical model is evalu-
ated by comparing the results against an analytical solution and
previously published experimental data. It is seen that vertical
translation, impact velocity, and acceleration of the elastic wedge
are predicted well and that there is good agreement between the
numerical results and previous experiments. The pressure distri-
bution acting on the elastic wedge at different locations has been
determined and compared against the experiment, suggesting that
the numerical model is suitable for predicting the pressure distri-
bution and its peak values. Furthermore, the time history of the bot-
tom plate deflection of the wedge has been computed and compared
against the experimental data.

Parametric study has been conducted to identify the influence of
different parameters of the pressure distribution and structural
response. The influence of the freefall velocity is investigated by
comparing the constant velocity and freefall impact, and it discov-
ered that the bottom deflection is overestimated by using the
assumption of constant velocity. The effect of the bending stiffness
on the deflection of the wedge is investigated as well. Eventually,
some simulations are conducted in different conditions to provide
further insight into the hydroelastic effect of the wedge-shaped
bodies. By studying the effect of vertical velocity, it has been
shown that the importance of hydroelasticity depends on the
impact velocity and for higher drop height, the hydroelastic impact
is significant. In addition, the simulations of the flexible wedge are
carried out for three different wedges with deadrise angles of 10°,20°
and 30°. It is observed that the maximum value of acceleration for
the deadrise angle of 10° is greater than the other wedges. Similarly,
it is seen that the deflection of the bottom plate of the wedge with a
deadrise angle of 10° is larger than other cases. Increasing deadrise
angle obviously increases the magnitude of the hydrodynamic
impact loads and the bottom deformations and thus the importance
of coupled assessment increases.

Improvements in these studies will lead to a better understand-
ing of the hydroelastic characteristics of high-speed crafts and can
be used for other kinds of fluid-structure interaction problems.
In the future, the numerical simulation will be continued on opti-
mising the mesh in both fluid and structural domains to examine
the three-dimensional effects. Moreover, different structural
elements can also be added to the wedge structure to estimate
more realistic hydroelastic effects.
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ARTICLE INFO ABSTRACT

Handling Editor: A.I Incecik Hydroelastic slamming is a phenomenon that occurs when there is a fully coupled interaction between the water
surface and a deformable structure, and it has a significant effect on the local and global loads of the structure
during high impact velocities in rough seas. Estimating the simultaneous structural responses caused by hy-
drodynamic loads during high impact water entry is a challenging task. This article, which is Part I of a two-part
companion paper, deals with the experimental studies of the impact-induced loads and structural responses of a
three-dimensional non-prismatic aluminium wedge with stiffened panel during free-fall water entry. Two
different plates were considered on the bottom of the wedge in order to study the influence of flexural rigidity on
hydroelastic slamming. A description of the experimental conditions, including the geometry of the wedge,
material properties, and the test plan is provided. The effects of water impact velocity, deadrise angle, mass of
the wedge, and bending stiffness on the slamming pressures and structural responses are discussed in detail. It is
shown that the maximum strain and deformation occur during the partially wetted phase of the slamming
problem. The study concludes that the hydroelasticity effects on slamming responses generally increase at lower
deadrise angles and higher impact velocities. The importance of FSI simulation is assessed using a hydroelasticity
factor (Rg), which is found to have a significant effect on the unstiffened bottom for all impact velocities studied.
For a stiffened bottom panel, hydroelasticity is only significant at high impact velocities.

Keywords:

Flexible fluid structure interactions (FFSI)
Experimental study

Free-fall water entry

Slamming loads

Dynamic response

1. Introduction response (whipping) but can also cause local buckling and plastic de-
formations (Cui et al., 1999; Southall et al., 2014).
The theory of water entry impact on two-dimensional bodies was

first developed analytically by von Karman (1929) and later refined by

As marine and material technology advances, advanced marine ve-
hicles can become increasingly exposed to the influence of extreme

events. Therefore, it is important to properly evaluate vessel perfor-
mance, seakeeping properties, and the effect of vessel motions on the
crew.

Ship slamming occurs over a short period of time when a ship or part
of it enters the water at high impact velocity in rough seas. The phe-
nomenon may be associated with large amplitude motions and may pose
a threat to ship structural integrity. Modelling slamming impacts and
understanding flow physics between the hull of a vessel and the water
surface present a challenging problem in hydrodynamics and naval ar-
chitecture. This is due to local loads that change rapidly, the hydroe-
lastic effects that occur, and the interaction between trapped air pockets
and water (Faltinsen, 2000; Hirdaris and Temarel, 2009; Hirdaris et al.,
2014). In addition, slamming events produce noise and a vibratory

Wagner (1932). Early studies mostly focused on two-dimensional (2D)
rigid bodies (Vorus, 1996; Korobkin, 1996; Mei et al., 1999; Royce,
2001; Korobkin and Iafrati, 2005; Faltinsen and Chezhian, 2005; Yettou
et al., 2007; Tassin et al., 2014), numerical simulations (Fairlie-Clarke
and Tveitnes, 2008; Wang and Guedes Soares, 2014; Facci et al., 2016;
Kamath et al., 2017; Izadi et al., 2018; Hosseinzadeh et al., 2020; Yan
et al., 2022) and experimental studies (Chuang, 1966; Peterson et al.,
1997; Judge et al., 2004; Yettou et al., 2006; De Backer et al., 2009;
Lewis et al., 2010; J. Wang et al., 2015). Since slamming involves
air-water-structure interactions, it may not always be accurate to
simplify the problem as a two-dimensional rigid body impact. A rigid
structure does not deform, the hydrodynamic pressure is not affected by
structural deformation, and so the hydroelasticity cannot be taken into

* Corresponding author. Department of Civil Engineering and Architecture, Tallinn University of Technology, Tallinn, Estonia.

E-mail address: Saeed.Hosseinzadeh@taltech.ee (S. Hosseinzadeh).

https://doi.org/10.1016/j.oceaneng.2023.114510

Received 4 January 2023; Received in revised form 25 March 2023; Accepted 7 April 2023

Available online 24 April 2023
0029-8018/© 2023 Elsevier Ltd. All rights reserved.



S. Hosseinzadeh et al.

Ocean Engineering 279 (2023) 114510

Table 1
A review of previous experiments information (NR: not reported).
Authors Tank dimension Wedge dimension Deadrise Mass (kg) Material Plate thickness Drop height/Impact
(m) (m) (deg.) (mm) velocity (m, m/s)
Chuang (1973) 7.62 x 4.57 x 1.82 x 0.4 x 0.22 0, 10, 20 132.44 Aluminium 1.6,9.5 0.076-0.457 m
2.59
Peseux et al. (2005) 1.2x1 R = 0.32 (Cone) 6-14 NR Aluminium, Steel 0.5,1,1.5, 25 2-8m/s
Tveitnes et al. (2008) NR 0.3 x 0.6 0-45 28,52 PVC with 10 0.24-1.19 m/s (Constant
Aluminium Velocity)
Luo et al. (2012) 24 x 8 x8 2.88 x 3.36 x 1.3 22 3250 Steel 3,4 0.3-2.5m
Panciroli et al. (2012) 1.6 x1 x 0.6 0.3 x 0.25 15-35 NR Al 6068 T6, GFRP 2,4 0.5-3m
Stenius et al. (2013) 3.5 x 1.3-1.4 1x05 10, 20 18.3,10.1, GFRP 9.5,2.5,3 0.5-7.0 m/s
31.9
Luo et al. (2014) 5x44x1.2 1.44 x 1.35 x 0.75 20 180 Steel 3,4 0.3-1.4m
Tenzer et al. (2015) 6 x 1.5 x 0.55 0.3 x 0.3 x 0.2 5,10 17.8, 20.9 Aluminium (5083) 2.81,2.85,12 0.5-2.5 m/s
Eastridge (2017) 30.8 x 4.6 x 2.4 1.45 x 1.19 x 0.53 20 186.9 Aluminium 6.35 0.15-0.61 m
(5086H116)
Shams et al. (2017) 0.8 x 0.32 x 0.1 0.203 x 0.193 25 NR Aluminium 0.6 1.25m/s
Hassoon et al. (2017) 3x2x1.1 0.5 x 0.25 10 3.7,6,8 Composite Panels 8,13 4-10 m/s
Sun and Wang (2018) 4x4x2 1.6 x 1.2 (Flat 0 112 Steel 2.5 0.5-2.0 m
Plate)
Dong et al. (2019) 108 x 7 x 3.5 1.5 x 0.9 x 0.75 45 553 Aluminium, Steel 4,5 0.25-1 m
Todter et al. (2019) 6 x 1.5 x 0.75 0.3x0.3x0.2(Flat 0 18.5,20.3 Al 5083, POM 4.7,12 0.52-1.04 m/s
Plate)
Duan et al. (2020) 30x4x1 0.3 x 0.7 0-40 282 Aluminium, Steel 1,2,4,10 0.1-1m
Spinosa and Iafrati 470 x 13.5 x 6.5 1 x 0.5 (Flat Plate) 0 NR Aluminium (2024- 0.8,3,15 Horizontal Impact
(2021) T3)
Ren et al. (2021) 4.4 x24x1.2 0.635 x 0.57 x 20 40.65 Al 6061-T6 3.17,12.7 0.079-0.508 m
0.409 Composite
Hosseinzadeh and Tabri 60 x 5 x 3 1.5 x 0.94 x 0.45 Variable 55, 82.5 Aluminium (5083- 4 0.25m
(2021a) Deadrise H111)
Meziane et al. (2022) hydraulic shock 0.56 x 1.1 x 0.34 30 47.26 Aluminium (6061- 5 Up to 10 m/s (Constant
test-rig T651) Velocity)
o Winch
g ©
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Fig. 1. Illustration of the experimental setup: a) schematic view of test rig, location of data acquisition box, and adjusting mechanism (reproduced from Hos-
seinzadeh and Tabri, 2021a); b) view of the frame structure for vertical motion and installed wedge.

account. Hydroelastic slamming occurs when hydrodynamic loads
induce elastic deformations which simultaneously affect the fluid flow
and pressure field. This coupled interaction is particularly significant for

local impacts at small relative surface-structure angles and when the
duration of the impact is short relative to the resonance period of the

structure.
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T54x3+35%4 [mm]
)

Fig. 2. Drawing of the of the non-prismatic aluminium wedge: a) dimensions of the wedge section in mm; b) stiffened bottom with longitudinal and transverse

stiffeners; ¢) configuration of the stiffener.

Table 2
Specifications and material properties of the aluminium wedge.

Material properties Value

Density (pa) 2700 [kg/m®]
Modulus of Elasticity (E) 68 [GPa]
Shear Modulus (G) 26 [GPa]

Poisson Ratio (1) 0.33

Tensile Strength 300 [MPa]
Longitudinal and Transverse Stiffener T54 x 3 + 35 x 4 [mm]
Keel flat bar 60 x 5 [mm]
Thickness of Bottom plates 4 [mm]
Thickness of Endplates 10 [mm]
Thickness of Side plates 4 [mm]
Mass of the wedge (M;) 55 kg
Mass of the wedge (M>) 85.5 kg
Table 3
Characteristics of the PCB-CA102B18 miniature dynamic pressure
sensor.
Useful Overrange 689.4 [kPa]
Measurement Range 344.7 [kPa]
Maximum Pressure (static) 6895 [kPa]
Sensitivity (+15%) 14.5 [mV/kPa]
Resonant Frequency >500 [kHz]
Resolution 0.007 [kPa]
Rise Time <1.0 [ps]
Mounting Thread 7.9 [mm]
Measurement Diameter 8.6 [mm]

According to the numerical model proposed by Bereznitski (2001),
the role of hydroelasticity on slamming becomes important for small
incidence angles and low natural frequencies of the structure. To date,
several studies have investigated the effect of hydrodynamic loads on
ships and offshore structures. Wang and Guedes Soares (2017b) pro-
vided a comprehensive literature review of ship slamming loads and
responses. Khabakhpasheva and Korobkin (2013) studied the water
entry problem of a two-dimensional elastic wedge at a constant velocity
by combining an Euler-Bernoulli beam theory and the Wagner method.
This analytical model was further developed by deriving an exact so-
lution to the boundary value problem of the hydroelastic impact of
elastic wedges under free-fall conditions and was validated against
available experimental results in terms of strains, deflections, and total
forces (Shams and Porfiri, 2015). Sun et al. (2021) investigated
hydroelastic slamming for 2D symmetric elastic bodies using a
semi-analytical model in both free-fall and constant water entry cases
and compared the results with the existing experimental data.

In addition to analytical and numerical methods, high-quality
experimental data on slamming loads and responses are essential to
help us gain a deeper understanding of hydroelasticity, as well as
improve existing theories and validate numerical simulations. Experi-
mental research on the subject has been previously carried out with flat
plates, prismatic wedges, cylinders, and even with ship hull models or
sections of a ship. An extensive study by Chuang (1970, 1973) used
wedges with different deadrise angles and drop heights. The findings of
the investigation show that elasticity may reduce impact pressure. The
hydroelastic slamming of three different composite panels with a rela-
tive deadrise angle of 10° was experimentally studied by Stenius et al.
(2013). They analysed the importance of hydroelastic effects of rigid and
flexible panels in constant velocity water impacts by comparing
quasi-static finite element simulations with experimental results. A
particle image velocimetry (PIV) technique was applied by Panciroli and
Porfiri (2015) to measure the velocity field around an aluminium wedge
during free-fall water entry. They indirectly evaluated hydrodynamic
pressure by solving the Navier-Stokes equations with the measured
velocity field. Shams et al. (2017) and Jalalisendi and Porfiri (2018)
presented additional details about semi-analytical models derived on the
basis of systematic experiments. Sun and Wang (2018) measured the
impact pressure and effective stress on a stiffened panel at various drop
heights using three-dimensional elastic stiffened plates. Dong et al.
(2019) found that the structural elasticity affects slamming loads, which
should be considered when modelling hydroelastic slamming. The au-
thors used two models made of aluminium and steel to compare the
effects of pressures and strains between elastic and rigid bodies. Todter
et al. (2019) conducted an experimental study with the aim to observe
pressure differences due to rigid and elastic effects. Their results show
that the pressure peaks were higher on the rigid plate than on the elastic
due to the local deformations. A high-speed video recorded during their
test gave insight into the different shapes of the trapped air underneath
the rigid and elastic bottom plate. Two different experiments were
conducted by Mai et al. (2020) to explore the role of elasticity in
slamming and wave impacts. They investigated the free-falling impact of
rigid and elastic flat plates on water surface, as well as the wave impacts
on truncated vertical rigid and elastic walls. Duan et al. (2020) con-
ducted an extensive series of tests with a wedge with different deadrise
angles and drop heights to systematically study the effects of pressure
distribution, and propagation. Their findings show that up to a 1-degree
deadrise angle, the pressure coefficient increases and the pressure
duration decreases slowly. Another finding was that at small deadrise
angles, the duration of the slamming pressure is close to the wet natural
frequency of the plate. The water impact of aluminium plates of different
thickness at high horizontal velocity was carried out based on



S. Hosseinzadeh et al.

Ocean Engineering 279 (2023) 114510

1500 mm
1125 mm
750 mm H I 940 mm |
375 mm L A e B, | _
i i | k
L g P8 H i
w sate P9 S6Ts 6, S soTy
- SIL. PJS? ¥
E; s 1 S4Lg STLg 1 S10Lg
g T 0
a
O P6,
s216ll PZS? S5T 1% fssT
A no . grs g
r : w i
g ! - E Ah ; b) Section A-A
o Pl o = PSy i = k 940 mm |
S2Tyff g SSTuf gPﬁ 58Ty 4 mn
P2 v &
3 SILy "l s4 g S7I.,U* S10Ly g
=3 I e - S
£ P3 St P7,
E| isamell ‘? STl ? Y fsoT,
& P4, Q P8,
| !
— A B
—20mm | O Pressure Sensor YRGS 235
500 mm O : @® Accelerometer
1250 mm ] Tranﬁvcrﬁc Slrain.(\ra!.lge ¢) Section B-B
a) ® Longitudinal Strain Gauge
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with the location of pressure sensors at f = 27°; ¢) B-B cross section with the location of pressure sensors at f = 23.5°.

Table 4
Specifications of data acquisition system.
Module Number of  Sampling Signal Measuring
Channel Rate per Bandwidth Ranges
Channel

One MX840B 8 40 kHz 7.2 kHz +10 mV/V
universal
amplifier

Two MX440B 4 40 kHz 7.2 kHz +10 mV/V
universal
amplifier

Two MX410B 4 100 kHz 40 kHz +20 mvV/V
highly dynamic
universal
amplifier

One MX1615B 16 20 kHz 3 kHz 420 mV/V
strain gauge
bridge amplifier

One HBM - 4 MHz for 56 - -
CX22B-W data Ch.
recorder

experimental measurements in Spinosa and lafrati (2021). The authors
found that structural behaviour changes considerably due to both stiff-
ness changes and fluid-structure interaction effects. The flexural rigidity
of a wedge with a constant deadrise angle of 20° was examined by Ren
et al. (2021). According to their study, the hydrodynamic pressure may
be coupled with the spray root in such a way that its peak magnitude is
proportional to the square of spray root velocity and its peak location is
proportional to the spray root position. Recently, Meziane et al. (2022)
investigated the effect of panel stiffness on pressure and strain in an
aluminium wedge with controlled vertical velocity, using three different
types of panels with varying stiffnesses. Table 1 provides a summary of
the dimensions of the towing tanks as well as the geometrical details of

several important published experimental studies.

The review of published studies reveals that there is a lack of
experimental research on the hydroelastic slamming of three-
dimensional V-shaped sections with longitudinal and transverse stiff-
eners. The effect of impact velocity, deadrise angle, and flexural rigidity
on the hydrodynamic pressures and structural responses of 3D complex
bodies is not completely understood. Based on this, the objective of the
present study is to gain a deeper understanding of the hydroelastic ef-
fects of slamming loads on 3D elastic structures. The influence of
hydroelasticity (and hence structural rigidity) on hydrodynamic pres-
sures and structural responses is experimentally investigated. The
experimental studies are conducted on a non-prismatic aluminium
wedge with stiffened and unstiffened bottoms that may freely fall into
the calm water at varying drop heights (different impact velocities). The
bottom plates of the wedge are designed with two different bending
stiffnesses to study the effect of flexural rigidity on the structural re-
sponses. Two different wedge masses were used in the experiment to
examine the effect of the wedge’s mass on slamming loads.

The rest of the paper is structured as follows. The geometry of the
aluminium wedge, experimental setup, sensor arrangement, and test
plan of the experiments are all detailed in Section 2. A description of the
post-processing of the results, including repeatability and uncertainty
analysis, is presented in Section 3. The results of the experiment under
different test conditions are described and discussed in Section 4. Sec-
tion 5 provides a summary of the final remarks and conclusions.

2. Experimental set-up
2.1. Drop test rig
The experiments described in this paper were conducted at the Ma-

rine Technology Competence Centre (MARTE) at Tallinn University of
Technology (TalTech). The towing tank with 60 m length, 5 m breadth,

Table 5

The wedge impact velocities for different drop heights.
Drop Height (h) [cm] 25 50
Theoretical impact velocity (V;) [m/s] 2.21 3.13
Experimental impact velocity (V;) [m/s] 2.20 3.00
Difference (%) 0.45 4.1

75
3.84
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100 125 150 175 200
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Fig. 4. Repeatability of the 18 impact tests (left) and effect of different low-pass Butterworth filter rates (right) on the: a) time history of acceleration; b) time history

of pressure; ¢) time history of strain at 25 [cm] drop height.

and 3 m water depth was used to install the drop test rig. The test rig was
designed and constructed using Norcan 45 x 90 mm anodised
aluminium profiles and Norcan 88 x 43 mm corner triangles. Fig. la
shows a schematic of the drop test rig and the installed equipment. As
shown in Fig. 1b, one side of the test tower is mounted on the carriage of
the towing tank, and the other side is fixed with a steel beam. The depth
of the water in the towing tank remains constant during the experiment.
Two linear guide rails (HepcoMotion 44-1-1796) were attached on the
front and back of the test frame to allow vertical free-fall motion. A
distance of 70 cm between the end of the guide rails and the undisturbed
water surface was considered to allow a totally free-falling motion
(Fig. 1). In addition, the thick molybdenum grease from the bearings was
cleared away to reduce the friction of the guide rails and bearing mount
and allow for smoother rolling with minimal resistance. The soft

cleaning pads from the bearing blocks were also removed. The test tower
was assembled on level ground to adjust the guide rails and ensure that
there is no binding between the guide sleds and rails. To install the test
rig and lift the wedge to the proper drop height, an adjusting mechanism
and a manually operated winch were employed. The winch was
mounted on the ceiling of the tank and aligned with the centre axis of the
test tower.

2.2. Model description

A non-prismatic aluminium (alloy 5083-H111) wedge section was
designed to measure the slamming pressure and the structural responses
during the experiment. The dimensions of the structure used in the
experiment are shown in Fig. 2. As illustrated in Fig. 2a, the deadrise
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Mean, standard deviations (¢), and RSD of the maximum acceleration, pressure and strain data for each sensor obtained
from 18 runs of a test with 25 [em] drop height (2.20 [m/s] impact velocity).

Accelerometer A, An A¢
Mean Peak Acceleration (g) 4.67 4.20 3.49
Standard Deviation (¢) 0.15 0.20 0.1
RSD (%) 3.02 4.76 2.86
Pressure Sensors (Unstiffened Bottom) Ply P2y P3y P4y P5y P6y P7y P8y
Mean Peak Pressure (kPa) 18.6 8.40 2.60 1.67 21.6 12.0 4.69 1.85
Standard Deviation (c) 0.59 0.51 0.25 0.16 0.74 0.49 0.43 0.15
RSD (%) 3.17 6.00 9.61 9.58 3.42 4.00 9.16 8.10
Pressure Sensors (Stiffened Bottom) Plg P2g P3g P4g P5g P6g P7s P8g
Mean Peak Pressure (kPa) 20.4 11.4 2.75 1.92 23.2 13.6 6.03 2.13
Standard Deviation (c) 0.73 0.64 0.26 0.19 0.53 0.56 0.53 0.19
RSD (%) 3.57 5.60 9.45 9.89 2.28 4.11 8.78 8.92
Strain Gauges (Unstiffened S1Ly S2Ty S3Ty S4Ly S5Ty S6Ty S7Ly S8Ty S9Ty S10Ly
Bottom)

Mean Peak Strain (pm/m) 51.97 81.04 32.88 55.38 90.04 75.01 15.29 122.72 28.64 74.39
Standard Deviation (c) 3.51 2.79 2.36 1.86 2.26 1.34 1.37 3.17 2.05 1.82
RSD (%) 6.75 3.44 7.16 3.35 2.50 1.78 8.90 2.58 7.15 2.44

Strain Gauges (Stiffened Bottom) S1Lg S2Tg S3Ts

S4Lg S5Ts S6Ts S7Ls S8Ts S9Ts S10Lg

15.66  28.20 1895 29.73  94.87 28.66  39.34
1.21 231 1.45 1.79 3.27 1.44 1.60
7.72 8.19 7.65 6.00 3.44 5.02 4.06

Mean Peak Strain (pm/m) 13.53 72.47 19.98
Standard Deviation (c) 1.25 3.31 1.87
RSD (%) 9.23 4.56 9.30
10
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Fig. 5. RSD of the maximum acceleration of three accelerometers located at
fore (Ag), middle (Ay,) and aft (A,) of the wedge.

angle varies from 20 to 30° along the length of the wedge. This was done
to examine the three-dimensional effects on the structural response and
pressure results. To study the flexural rigidity of the structure, the bot-
tom of the wedge was comprised of two different plates. The bottom of
the starboard was made of a 4 mm thick extruded aluminium panel with
a single T-shaped longitudinal stiffener and, hereafter referred to as
“stiffened side”. Additionally, a transverse stiffener was welded to the
wedge’s mid-bottom plate (Fig. 2b and c). A detailed description of
stiffener dimensions can be found in Table 2. There are no stiffeners on
the port side of the wedge. Hence, it is idealised as an “unstiffened elastic
side” with 4 mm thickness. Two end plates with 10 mm thickness are
attached on the fore and aft of the wedge structure. The keel is made of a
60 x 5 mm flat bar that is vertically welded to the apex of the wedge. An
additional frame is designed and mounted on the top of the wedge to add
more stiffness to the sides and allow a loop shackle to be attached for
hoisting the wedge up into the test rig. To investigate how the wedge
mass affects the slamming loads, two different wedge masses were used
in the experiments. The designed wedge has a mass of 55 kg (M;) and
82.5 kg (M), including all sensors, screws, welding, and top frame
(Table 2). In order to increase the wedge’s mass, some weights were
attached to the keel of the lighter wedge. These weights were evenly
distributed along the length of the wedge.
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Fig. 6. RSD of peak pressure of all pressure sensors: a) pressure sensors on unstiffened bottom; b) pressure sensors on stiffened bottom.
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2.3. Data acquisition system and sensors

To measure the slamming pressures during water entry, sixteen
piezoelectric pressure transducers (PCB-CA102B18) were employed.
The characteristics of the miniature dynamic pressure sensors used
during the experiment are shown in Table 3. Fig. 3a illustrates the top
view of the arrangement of measuring cells on the wedge. To compare
the pressure results of unstiffened and stiffened bottoms, the pressure
sensors were mounted symmetrically on the bottom of the wedge. The
pressure sensors (referred to as P) are labelled differently on the port and
starboard sides of the wedge. For instance, P2g denotes the second
pressure sensor on the stiffened bottom, and P2y refers to the second
pressure sensor on the unstiffened bottom. As shown in Fig. 3a, the
pressure data were measured from pressure transducers distributed
along a characteristic line from the keel to the hard chine. To study the
three-dimensional effect, the sensors were placed in two different
characteristic lines with a 500 mm longitudinal distance from fore and
aft of the wedge section. Fig. 3b and c shows the location of pressure
sensors on the wedge section with a deadrise angle of 23.5 and 27°,
respectively. As shown in Fig. 3b, the first sensor on the unstiffened
bottom, P1y, is located 83.3 mm away from the keel, and the others are
installed at increments of 83.3 mm. The pressure sensors have a
mounting thread length of 7.9 mm and because the bottom plates are 4
mm thick, different spacers were used. A Medium Strength Loctite
thread glue was applied to all threads to ensure that there were no leaks
between the mounting hole and the threads of the sensors. As well as
pressure measurements, vertical acceleration was also recorded in the
experiment. To examine the effects of deadrise angles on the vertical
acceleration, three Dytran 3176B piezoelectric type accelerometers
were adhesively mounted on the top of the keel. The accelerometers
were located on the fore, middle, and aft of the wedge and indicated as
Af (f = 30deg.), Ay (B = 25deg.), and A, (f = 20 deg.), respectively
(Fig. 3a).

To assess structural response during the impact, twenty linear strain
gauges (HBM-1-LY13-6/120) were installed on the inner side of the
bottom plates of the aluminium wedge. To achieve a flat surface and
improve adhesion between the strain gauges and the wedge surface, the
locations of the strain gauges were wet sanded to 400 grits. Fig. 3a shows
the arrangement of the strain gauges (denoted as S). To measure the
strain distribution in the different directions on the structure, twelve
strain gauges were positioned in the transverse direction and eight in the
longitudinal direction. In the same way as the pressure sensors, the U
subscript indicates the sensor on the unstiffened bottom, and the S
subscript represents the sensor on the stiffened bottom. The strain
gauges are marked differently on the stiffened and unstiffened bottom of
the wedge. For example, S1Lg is the first strain gauge on the stiffened
bottom in the longitudinal direction, whereas S2Ty is the second strain
gauge on the unstiffened bottom in the transverse direction.

During the experiment, data from all the sensors were simulta-
neously gathered using a data acquisition (DAQ) system located on the
towing carriage. Two highly dynamic universal amplifiers with a 100
kHz sampling rate were employed for the pressure sensors. The three
accelerometers were connected to a universal amplifier with a sampling
rate of 40 kHz. The strain gauge data were gathered using a bridge
amplifier with a sampling rate of 20 kHz. All sensor data were collected
using an HBM CX22B-W data recorder module connected to the HBM
proprietary CatmanEASY AP software. The FireWire cables were used to
connect the amplifiers and the data recorder module. The specifications
of the data acquisition (DAQ) system and the modules used in the
experiment are shown in Table 4.

2.4. Experimental procedures

The free-fall drop tests were conducted at various drop heights
ranging from 25 cm to 200 cm, with each increment of 25 cm. To ensure
that the experimental results would be repeatable, the 25 cm drop height
test case was repeated eighteen times and the remaining tests were
conducted a minimum of two times. Using the calm water surface as a
reference, the drop height was measured from the water surface to the
wedge apex. To conduct the test, the wedge was tied to the winch’s
shackle with nylon rope and hoisted to the height of the test until it
firmly touched the movable stopper. A measurement tape was also
attached to one side of the test rig to ensure that the adjustable stopper
and drop height were properly positioned, and the correct drop height
was determined using a laser level. The arrangement of the cables inside
the wedge was checked before each test to reduce the possibility of the
cables snagging and damaging the sensors. In addition, a thin layer of
petroleum jelly was applied to all pressure sensors, as recommended by
the manufacturer, to minimise the temperature shock when the sensor
was rapidly moved from one environment to another. After each test, the
CatmanEASY AP analysis module was used to check the experiment
results to ensure that all sensors had operated properly, and that all
relevant data had been recorded. The following steps were considered
between two test runs:

a) The drop height was determined using a laser level and a measure-
ment tape.

b) The wedge was positioned at the correct drop height.

¢) The bottom surface of the wedge was cleaned of excess water (also
inside of the wedge for high impact velocities).

d) All instrument cables and sensors were checked, and the petroleum
jelly was re-applied to the pressure sensors.

e) Reset all channels of the data recorder.

f) A wait time of 30-60 min was applied between two runs to ensure
that the water surface had calmed down.
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For numerical simulation of the slamming problem, it is common
practice to start with a velocity rather than with the wedge at rest to
minimise the associated computation time. Therefore, the velocity of the
wedge during the free-fall impact was calculated using cumulative
trapezoidal numerical integration. The difference between theoretical
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(V, = 4/2gh) and calculated water entry impact velocities ((V; —
Vi) / Vi) x 100) for different drop heights are shown in Table 5.

3. Post-processing of results

To investigate the reproducibility of the experimental measure-
ments, eighteen trials were carried out for the first test case (hy =
25 ¢cm) and rest of cases were repeated at least twice. The time histories
of all 18 runs for acceleration, pressure, and strain are compared and
shown in Fig. 4 (left). To determine the experimental uncertainties
associated with the tests, the results were analysed. In order to filter out
high frequency noise from the sensors signal during the experiments, a
low-pass filtering was employed on the raw data. The variation in the
acceleration, pressure, and strain sensors with different Butterworth
low-pass filter frequencies are illustrated in Fig. 4 (right) ath; = 25 cm.
The filters were generated using MATLAB’s ‘filtfilt’ function, which
utilises a zero-phase digital filtering technique that processes the current
point in relation to both forward and reverse points in the frequency
domain to retain the signal time history in line with the original signal
(Mitra and Kuo, 2006; Swidan et al., 2016). As depicted in Fig. 4, for
acceleration and pressure data, the low-pass Butterworth filter with a
cut-off frequency of 1000 Hz has a negligible to no effect on the results
and is thus applied to all sensors. Furthermore, a low-pass filter fre-
quency of 500 Hz was chosen for strain gauges data (Fig. 4c).

Table 6 represents the mean of the acceleration, pressure, and strain
peak values from different sensors for 18 experiments with 25 [cm] drop
height. The statistical uncertainty of the experiment is calculated using

standard deviation (o) and relative standard deviation (RSD) for
different sensors according to Eq. (1).

1 N

(€8]

where N is the number of repeated tests, x; the maximum value of in-
dividual test, and X the mean peak value of the measurement. Table 6
shows that the RSDs for acceleration sensors are less than 5%.
Furthermore, the repeatability of the tests is considerably better for
pressure sensors near to the keel and with smaller deadrise angles. The
RSDs for all pressure and strain sensors calculated form 18 runs are less
than 10%, confirming that the experimental setup presented in this
study is reproducible and could provide reliable results.

In order to obtain reliable benchmark data, the repeatability of
measurements was examined for all impact velocities. Fig. 5 shows the
relative standard deviation of the maximum acceleration measured by
the accelerometers at different locations and various drop heights. The
repeatability of the experiment can be evaluated using the plot of RSDs
for all cases. It can be seen that the acceleration RSDs for all tests are less
than 9%, indicating good repeatability of the experimental set-up.

In addition to the acceleration measurements, the relative standard
deviations of all pressure sensors and strain gauges are calculated and
presented in Figs. 6 and 7, respectively. It is shown that the pressure and
strain RSDs for all tests are less than 15%. Besides that, the pressure
sensors placed close to the keel have better repeatability than those
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located near the chine. It can be concluded that the standard deviation
increases as impact velocities increase. This behaviour was observed for
all accelerometers, pressure sensors, and strain gauges.

4. Experimental results and discussion
4.1. Motion kinematics

A comparison between experimental results in different conditions is
presented and discussed in this section. As stated in the previous section,
two different masses were used to test the described non-prismatic
wedge. The time histories of vertical velocity of the wedge with mass
of M at different drop heights are shown in Fig. 8a. The velocity profile
was calculated by integrating the experimental data from an acceler-
ometer located on the mid-section of the wedge (f = 25 deg.). As shown,
after releasing the wedge, the velocity increases linearly and reaches its
maximum negative value which corresponds to the moment when the
vertical acceleration is zero in Fig. 9a. Subsequently, the velocity of
impact begins to decrease, indicating the start of the exit phase in the
water entry problem, which occurs when the velocity profile changes
from a downward to an upward direction. The velocity profile of the
wedge with a mass of My (=1.5M;) is presented in Fig. 8b. As expected,
the mass of the wedge affects the post-impact phase of the water entry
problem. According to the two-dimensional (2D) Wagner theory (Wag-
ner, 1932; Duan et al., 2020), the water entry velocity can be calculated
as

)

where p is the density of water, M is the mass of the wedge, t is the
penetration time, L is the length of the wedge, g is the acceleration of

10

gravity, and V, is theoretical impact velocity that presented in Table 5
for each drop height. Fig. 8c compares the velocity profile calculated by
the analytical method with the experimental results for the case of drop
height equal to 100 [cm].

Fig. 9 shows the vertical acceleration over time determined by
measuring it on the top of the keel at different longitudinal locations
along the wedge’s length. As displayed in Fig. 3, the accelerometers
were placed on fore (Ag), middle (Ay,) and aft (A,) of the wedge (§ = 30,
25,20 deg., respectively). Fig. 9a compares the vertical acceleration time
history for the case of drop height equal to 100 [cm]. The influence of
deadrise angle on the vertical acceleration for 200 [cm] drop height is
illustrated in Fig. 9b. Impact with the water surface induces a rapid
acceleration peak reached within a short period. The acceleration values
at different locations on the wedge indicate that the wedge is undergoing
a slight rotation around the transverse axis. However, due to the small
angle of rotation, it did not significantly affect the water entry process.
The measured vertical acceleration for the sensor located on 25-degree
deadrise angle at 100 [cm] initial drop height is compared with the
acceleration calculated by Wagner theory (Wagner, 1932) and is shown
in Fig. 9c. The analytical method predicts a maximum acceleration of
13.6g whereas the experiment shows 11.6g. The discrepancy between
the analytical and experimental results may be due to three-dimensional
effects. Aside from the time histories of vertical acceleration, Fig. 10
presents the maximum values of acceleration measured at various drop
heights and two different weights of the wedge. It is demonstrated that
for the heavier wedge, the maximum acceleration becomes smaller
which leads to a slower decrease in vertical velocity. Additionally, the
heavier body reach their acceleration peak later.

4.2. Slamming pressure

This section investigates the effects of impact velocity, structural
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200

rigidity, and deadrise angle on hydrodynamic pressure. The experi-
mental results of all pressure sensors at 100 [cm] drop height (V; =
4.0m/s) are presented in Fig. 11. To study how stiffness affects the
pressure results, the pressure measurements of sensors located on the
unstiffened (U) and stiffened (S) bottom were measured and compared
along the wedge’s length. As expected, the pressure maximum values are
highest near the keel and gradually decrease toward the chine. On the
stiffened bottom, the pressure transducer, P1 and P5, are the first sensors
to be in contact with the water surface, and pressure peaks propagate
from P1 to P4 and P5 to P8. The pressure distribution of the sensors
located on the unstiffened bottom shows a similar behaviour. Because of
the influence of structural rigidity, the pressure values on the stiffened
bottom of the wedge are constantly higher than those on the unstiffened
bottom. In addition, the pressure peaks for the sensors located on the
fore of the wedge (Fig. 11a), where the deadrise angle is 27°, are smaller
than those located on the aft with a 23.5° deadrise angle (Fig. 11b).
During the experiments, it was discovered that some pressure sensors
in way of the chine recorded negative values. In some cases, these
negative pressures may occur as a result of temperature shock when the
sensor rapidly moves between different environments. Van Nuffel et al.
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(2013) studied the parameters that affect the accuracy of dynamic
pressure measurements during water impact. They observed that several
factors, including the data sampling rate, the condition of the surface of
the structure, how the sensor is mounted, the water surface conditions,
and the temperature sensitivity of the pressure transducers, may lead to
inaccurate pressure measurement. It is possible to avoid temperature
shocks by using piezoelectric pressure sensors with a preloaded sleeve,
which is available for the sensors used in this experiment. Moreover,
covering the sensor diaphragm with electrical tape or a thin layer of
petroleum jelly could help reduce unexpected phenomena during the
experiment.

As explained in section 2, before each test, the water surface must be
completely calmed down, the pressure sensors must be dry, and the
cables inside the wedge need to be secured. Fig. 11 shows that negative
pressures are evident on the unstiffened bottom and far away from
wedge apex. However, it almost disappears on the stiffened bottom.
Consequently, the negative pressure can be a result of a pressure
relaxation caused by the plate deflection. A similar phenomenon was
found for pressure points near the chine in numerical simulations
(Hosseinzadeh and Tabri, 2021b; Hosseinzadeh et al., 2023). It can also
be observed that the pressure points on the unstiffened bottom reach
their peak values slightly later than those on the stiffened bottom (see
Fig. 11). Due to the rigidity of the unstiffened and stiffened plates, the
time lag (ty) in the pressure time history will become greater for each
sensor that is further away from the keel. This phenomenon becomes
more noticeable for smaller deadrise angles and higher impact velocities
(Fig. 11b).

The peak values of pressure sensors along the wedge’s bottom plates
at various initial drop heights obtained from experimental data are
compared in Fig. 12. The x-axis presents the location of each sensor. As
expected, because of more flexibility on the unstiffened bottom of the
aluminium wedge, the peak pressure of the unstiffened bottom is smaller
than that of the stiffened bottom.

The experiments were conducted using wedges with two different
masses in order to assess the influence of mass on the pressure distri-
bution. Fig. 13 compares the pressure time histories of two different
masses of the wedge for the sensors on unstiffened (P1y) and stiffened
bottom (P5g) at 100 [cm] drop height. It is shown that for the lighter
wedge, the pressure load becomes smaller, and the pressure peak hap-
pens slightly later for the heavier wedge.

A comparison of unstiffened (U) and stiffened (S) maximum pressure
with two different masses of the wedge obtained from experimental data
at various impact velocities on section A-A of the wedge is presented in
Fig. 14. Detailed results of the wedge with the mass of My are shown in
the smaller plots on each figure. Fig. 15 shows a comparison between
unstiffened and stiffened maximum pressure with two different masses
at various impact velocities on section B-B of the wedge. It is also shown
that the hydrodynamic pressures are very sensitive to the change of
deadrise angle. Due to rigidity of the stiffened panel, the maximum
pressure on the starboard side of the wedge is higher than those on port
side. This is more evident for the case of higher impact velocities.
Furthermore, the wedge’s weight does not appear to significantly affect
the maximum pressure at low-impact velocities, but it makes a signifi-
cant difference at higher impacts.

4.3. Structural response

The structural response of the non-prismatic aluminium wedge was
examined using twenty strain gauges positioned at different locations on
the unstiffened and stiffened bottom plates. Fig. 3 demonstrates the
arrangement of the strain gauges in the transverse and longitudinal di-
rections. It is worth noticing that the location of the strain gauges is
symmetric on the bottom plates. It is expected that fluid-structure
interaction phenomena can have a considerable effect on the dy-
namics of the structural response for the unstiffened bottom with 4 mm
thickness. Fig. 16 compares experimental measurements of transverse
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strain gauges on unstiffened and stiffened bottom plates with 100 [cm]
initial drop height. The measured strain follows similar behaviour in
time for strain gauges that were placed close to the keel on both bottom
plates (82T, S5T, and S8T). The transverse strains begin at zero, reach a
maximum, and then gradually decrease back to zero. As expected, the
strain values on the unstiffened plate are much higher than those on the

12

stiffened plate. Since the S5Ts and S6Ts strain gauges were positioned on
top of the transverse stiffener, their peak values are relevantly lower.
Moreover, it is found that the behaviour of the strain time history for the
gauges located close to the chine of the wedge is different (S3T, S6T, and
S9T). For these sensors, transverse strain values start at zero, reach the
maximum negative value, increase until the maximum positive value,
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and then gradually decay to zero. It is worth noting that at the time of
maximum positive strain on the gauges near the keel, the strain gauges
close to the chine reach their maximum negative value, which is due to
the deformation of the bottom plate. The effect of the deadrise angle on
strain results is clear, as the gauges placed on the section with a lower
deadrise angle (S8T and S9T) have a higher peak value.

The time history of strain responses reveals two phases. During phase
one, the structure experiences the maximum strain. During phase two,
the strain begins to decrease, while the influence of structural dynamics
becomes increasingly evident. Fig. 16 clearly shows that the elastic vi-
bration on the unstiffened plate is more remarkable than that on the
stiffened plate. In fact, the elastic vibration is not evident in the results of

sensors located on the top of the transverse stiffener (S5Ts and S6Ts). It
is important to note that the hydroelasticity behaviour of the bottom
plates differs from that described by Faltinsen (2000, 2005), who
discovered that the maximum strain occurs during the free vibration
phase. This could be attributed to the fact that in Faltinsen’s (2000)
study, the whole plate is wet at the end of the structural inertia phase.
Then, the plate starts to vibrate freely. In the study presented, the bot-
tom plates are wet by the end of phase two and the maximum deflection
and strain occur in the partially wetted phase. These observations are
confirmed by Luo et al. (2012) and Ren et al. (2021).

The time histories of the experimental strain responses in the lon-
gitudinal direction with an initial drop height of 100 [cm] for a short
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period of time are illustrated in Fig. 17. The longitudinal direction strain
gauges on the stiffened bottom were located on the top of the longitu-
dinal stiffener, as shown in Fig. 3. It is observed that on the unstiffened
plate, the maximum strain value gradually increases with decreasing the
deadrise angle (Fig. 17a). The strain peak values for sensors placed on
the stiffened plate are significantly lower than those of the unstiffened
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plate (Fig. 17b). The gauges S1L and S4L (25 < < 30) have a negative
maximum value at the same time that the gauges S7L and S10L
(20 < # < 25) reach their maximum value. This is caused by the
deformation of the bottom plates.

Fig. 18 shows a comparison of strain time histories of the wedge with
two masses in both transverse (S2Ty, S8Ty) and longitudinal (S10Ly)
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directions of the unstiffened bottom at 100 [cm] drop height. The body
mass seems to affect the structural response of the wedge. In fact, as the
mass reduces (i.e., for a lighter wedge), the strain peak value becomes
smaller. Elastic vibrations become more prominent for the heavier
wedge.

The maximum transverse strain values on the unstiffened bottom
plate of the wedge obtained from experimental data are compared
against those of the stiffened bottom plate at various impact velocities
(see Fig. 19). The maximum strain of the heavier wedge is shown in the
smaller plot in each figure. Similarly, the strain peak values of the
gauges located in the longitudinal direction for both stiffened and
unstiffened plates are presented in Fig. 20. The results of the unstiffened
bottom show that the maximum strain increased at a greater rate for the
gauges close to the centre than for those near the chine as the drop
height increases (i.e., the impact velocity becomes higher).

4.4. Hydroelastic effects

To further analyse the effect of impact-induced loads on the struc-
tural responses, the relationship between the natural frequency of the
wedge and the impact time is studied. Fig. 21 illustrates the frequency
distribution of recorded strain responses of two gauges on both
unstiffened (U) and stiffened (S) bottom plates at different initial drop
heights. An FFT (Fast Fourier Transformation) analysis of the time his-
tories of strain responses is conducted to obtain the frequency distri-
bution of the wedge model. Due to the different structural rigidities of
the port and starboard of the wedge, a comparison of the FFT results is
also presented.

In Fig. 21, a frequency peak of 3.3 Hz is depicted, which can be
attributed to the immersion of the structure. It is shown that even at high
impact velocities, the effect of this peak on both strain gauges is rela-
tively minimal. As a result of the frequency analysis of the strain re-
sponses, the frequency of 30 Hz is the natural frequency of the structure,
and as expected, it remains constant with increasing impact velocity. In
addition, from the time histories of measured strain (see Fig. 16), it is
observed that the oscillation period after the maximum strain value is
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approximately 0.032 s. The FFT analysis reveals a frequency component
of around 43-46 Hz, which is the frequency of the wedge at the water
surface and slightly increases with increasing impact velocity. It is
observed that the frequency amplitude of strain responses on the port is
higher than that on the starboard due to the stiffer structure on the
starboard. According to the frequency analysis, it may be concluded that
the third frequency component in Fig. 21 occurs due to the hydroelastic
impact on the bottom plates. As shown in Fig. 21c, the strain gauges S2
and S8 present peak frequencies of 75 Hz and 85 Hz, respectively, for the
experiment with a 200 [cm] initial drop height. Depending on the
impact velocity and the location of sensors, this peak frequency refers to
the second natural frequency of the bottom plates.

Additionally, the influence of the wedge’s mass on the frequency
distribution of the strain responses on the unstiffened bottom plate for
the experiment with two different initial drop heights is compared in
Fig. 22. From the time histories of strain responses (see Fig. 18), it was
expected that the mass of the wedge affects the natural frequency of the
structure. As shown in Fig. 22, the natural frequency of the heavier
wedge is 22.5 Hz, which is lower than the natural frequency of the
lighter wedge presented in Fig. 21. It can be concluded that the mass of
the wedge affects the frequency distributions and its amplitude of the
strain responses, and an increase in the structure’s mass leads to a
decrease in its natural frequency.

To comprehend the importance of hydroelasticity on slamming
loads, the effect of structural stiffness, deadrise angle, and impact ve-
locity on the impact-induced loads have also been examined. Based on
the findings of Faltinsen (2000), hydroelastic slamming is highly
dependent on the ratio between the wetting time (load period) and the
first natural period of the structure, the impact velocity, and the deadrise
angle. Accordingly, for load periods above the natural period, the effects
of hydroelasticity can be ignored, and the quasi-static method may be
suitable for the idealisation of slamming problems. In this paper, the
hydroelastic effect on both stiffened and unstiffened plates of the wedge
is studied by comparing the experiment results against a quasi-static
method. The structural response can be calculated in a simplified way
by assuming that the panel is subjected to a uniform pressure
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distribution (Stenius, 2006; I. Stenius et al., 2011). According to engi-
neering beam theory, the quasi-static maximum strain can be expressed
as

27212
Yap, B L7V}

4 —
G =M 48 D tan f

3)
where p,, is the density of water, V; is impact velocity, f is deadrise
angle, L is the length from wedge apex to the chine, D is bending stiff-
ness, and y, is maximum normal distance from neutral plane to panel
surface. In Eq. (3), y, is boundary condition factor and equals to 1 for
clamped-clamped (CC) and 1.5 for simply supported (SS) boundary.
According to the plate theory, the unstiffened plate flexural rigidity (Dy)
is determined by the Young’s modulus (E), the Poisson’s ratio (v), and
cube of the plate’s thickness (t) and expressed as

EP

P na—a

4

The values of the parameters used in this equation were presented in
Table 2. The stiffened plate flexural rigidity (Ds) with longitudinal and
transverse stiffeners was calculated using a numerical study. A nondi-
mensional maximum strain parameter is used to determine the impor-
tance hydroelasticity

£

& =4 (5)
Emax

where ¢, is the maximum strain measured by experimental study and

el . is the maximum strain calculated by Eq. (3). A normalised param-
eter proposed by Faltinsen (2000) can be used to assess the hydro-
elasticity of the structure in slamming studies. As expressed in Eq. (6), a
nondimensional parameter called hydroelasticity factor (Rr) can be
employed for quantifying inertial and elastic effects
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The smaller values of Ry correspond to a stronger coupling effect
between fluid and structure. For the critical value of Ry, hydroelasticity
has a significant effect on the water entry problem, and a strong two-way
coupling should be applied to investigate slamming loads (Faltinsen,
2000; Piro and Maki, 2013; Panciroli et al., 2015). A plot of the ratio of
maximum strain against the hydroelasticity factor is shown in Fig. 23.
When Ry tends to infinity, the ratio is close to 1. This indicates that the
quasi-static solution is sufficient to predict maximum structural
response. For Ry > 3.5, the hydroelastic effect may become negligible,
and thus the wedge can be analysed as a rigid body. The hydroelastic
influence on impact loads is moderate for 2 < Rr < 3.5 confirming a
weakly coupling between fluid and structure. Accordingly, the role of
hydroelasticity is significant for R < 2 as the quasi-static solution is not
able to predict the structural response precisely. In addition, it is shown
that the quasi-static method always overestimates the structural
response on the unstiffened bottom of the wedge due to different
bending stiffness on that side.

Since the stiffened and unstiffened bottoms have different flexural
rigidities, the hydroelasticity factor has been calculated separately for
each plate and named Rps and Rpy, respectively. The variations of

tan f}

Rr V.

(6)
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hydroelasticity factors of the unstiffened and stiffened bottoms at
different deadrise angles along the wedge and at various impact veloc-
ities are demonstrated in Fig. 24. There is a noticeable influence of
hydroelasticity on the unstiffened plate for all considered impact ve-
locities (presented in Table 5). It is also shown that hydroelasticity be-
comes more important by decreasing the deadrise angle. However, in
the case of the stiffened plate, the behaviour is different and hydro-
elasticity only matters at high impact velocities. For instance, at 25°
deadrise angle the hydroelastic effects appear after 4 [m/s] impact ve-
locity (Rgs < 2).

5. Conclusions

This paper examined the effects of hydroelasticity on the hydrody-
namic pressure and structural response of a complex three-dimensional
V-shaped structure. The simultaneous structural responses caused by
hydrodynamic loads were studied experimentally for the cases of high
impact water entry on a non-prismatic aluminium wedge. The bottom of
the wedge was made up of a 4 mm plate thickness and the deadrise angle
varied from 20 to 30°. The starboard bottom of the wedge was stiffened
with longitudinal and transverse stiffeners, whereas the port bottom was
unstiffened to provide different structural flexibility and allow for
hydroelastic responses. Two masses of the wedge were tested to examine
the effect of mass on the results. A series of free-fall drop tests were
conducted at a variety of drop heights ranging from 25 cm to 200 cm,
with an increment of 25 cm. Experimental uncertainty analysis
confirmed the high-quality dataset made available. The experimental
data presented provided additional insights into the influence of
hydroelasticity on slamming induced loads experienced by complex
structures. The latter has been supported through parametric studies
that explored the effects of three-dimensionality, drop height (impact
velocity), deadrise angle, and structural rigidity on the vertical accel-
eration, slamming pressure, and strain responses.

The following conclusions can be drawn:

e The comparison between the stiffened and unstiffened bottom
pressure explains that the peak pressure of the stiffened bottom is
higher than that of the unstiffened bottom. The pressure relaxation
caused by the plate deflection influences the pressure values of the
unstiffened bottom, and as a result, the peak pressure value is
reached later than that of the stiffened bottom. This is more evident
for higher impact velocities and lower deadrise angles. The three-
dimensionality of the structure also influences the distribution of
hydrodynamic pressures.

The time history of strain responses can be decomposed into two
phases. During phase (1), the structure experiences the maximum
strain. Elastic vibrations appear in phase (2). The bottom plates
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Fig. 24. Nondimensional hydroelasticity factor at different deadrise angles
versus the impact velocity for both unstiffened (Rpy) and stiffened (Rgs) plates
of the wedge (Note the different y-axis for Rpy and Rgs).

experience maximum strain and deformation during the partially
wetted phase. The elastic vibrations become more noticeable on the
unstiffened bottom at high impact velocities.
The importance of hydroelasticity can be assessed by a factor which
is dependent on the deadrise angle, impact velocity, bending stiff-
ness, and the first natural period of the structure. It was shown that
the hydroelasticity has a significant effect on the unstiffened bottom
(Rpy) at all examined impact velocities, whereas for the stiffened
bottom (Rps), it becomes important only at high impact velocities
and small deadrise angles.
e An FFT analysis of the measured strain responses reveals that the
impact velocity has a negligible effect on the wedge’s first natural
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frequency, while it influences the second natural frequency of the
bottom plates. This highlights the importance of coupled FSI analysis
on the unstiffened plate. The study also concludes that the mass of
the wedge affects its natural frequency and that as the mass of the
structure increases, the natural frequency decreases.

The results presented lead to better understanding of the hydroe-
lastic nature of the impact-induced loads that may influence structural
integrity of ships and high-speed advanced marine vehicles subject to
slamming loads. Future research could focus more on the influence of
asymmetric loads.
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ARTICLE INFO ABSTRACT

Handling Editor: Prof. A.L Incecik An experimental study was carried out to examine the impact-induced loads and structural responses of a three-
dimensional non-prismatic aluminium wedge. The findings of the experimental study were presented in the first
part of this publication, entitled “Slamming loads and responses on a non-prismatic stiffened aluminium wedge:
Part I. Experimental study.” This paper describes the second part of the study, which deals with numerical
simulations of slamming loads acting on the wedge and its dynamic responses. Two different two-way coupling
methods are assessed and compared to simulate the water entry problem. Initially, an explicit nonlinear finite
element method with a Multi-Material Arbitrary Lagrangian-Eulerian (MMALE) solver is employed to evaluate
the elastic response of the structure following a free-fall water impact. Subsequently, the hydroelastic slamming
problem is modelled using a two-way coupled technique with a k-¢ turbulence model and implicit unsteady
solver for both the fluid and structural domains (Star-CCM+/ABAQUS). The effect of viscosity on slamming loads
and responses was examined, and numerical results are compared with experimental data. To investigate the
effect of rigidity on structural response and bottom deflection, the wedge was designed with bottom plates of
varying thickness. The computed results from the two numerical models and the experimental data are in good
agreement. The study concluded that the bottom plates deformation affects hydrodynamic loads during slam-
ming. It is also observed that impact-induced loads depend on the water impact velocity and the flexibility of the
bottom plates. This suggests that the slamming pressure increases with an increase in impact velocity and de-
creases when the structures become more flexible. According to this study, both numerical models are suitable
for accurate and efficient computations of hydroelastic slamming; however, the MMALE method results in larger
numerical fluctuations.

Keywords:

Flexible fluid structure interactions (FFSI)
Modelling and validation

Two-way coupling

Slamming loads & responses

Stiffened panels

1. Introduction

Hull slamming is a common problem in ship hydrodynamics that
occurs due to the large relative motions between a ship’s hull and the
water surface, particularly in rough seas over short durations. Impulsive
loads generated by slamming impact can cause significant local struc-
tural damage and induce global transient elastic vibrations of the
structure, known as whipping (Abrate, 2013; Faltinsen, 2000, 2005;
Hirdaris et al., 2014). One of the worst maritime disasters of the 20th
century occurred on September 28, 1994, when the M/S Estonia sank in
the Baltic Sea. According to the official report (JointAccident Investi-
gation Commission, 1997), the bow visor malfunctioned due to extreme

wave impact, causing it to detach from the vessel. The damage has been
attributed to severe slamming in a rough sea with a wind speed of 15-20
m/s and a significant wave height of 4-6 m (JointAccident Investigation
Commission, 1997).

The water entry problem was initially studied by von Karman
(1929), who applied momentum theory to predict slamming loads
acting on a two-dimensional (2D) flat wedge model. Wagner (1932)
developed von Karman’s analytical model by considering the effect of
free surface on the hydrodynamic pressures to achieve more realistic
results. This asymptotic solution was extended by Vorus (1996) by
incorporating a nonlinear term to the kinematic boundary condition in
an incompressible flow for a rigid cylinder impact. Later, Savander et al.

* Corresponding author. Department of Civil Engineering and Architecture, Tallinn University of Technology, Tallinn, Estonia.

E-mail address: Saeed.Hosseinzadeh@taltech.ee (S. Hosseinzadeh).

https://doi.org/10.1016/j.0oceaneng.2023.114309

Received 4 January 2023; Received in revised form 6 March 2023; Accepted 22 March 2023

Available online 2 May 2023
0029-8018/© 2023 Elsevier Ltd. All rights reserved.



S. Hosseinzadeh et al.

(2002) generalised Vorus’s model to predict the slamming loads on
three-dimensional planing surfaces. These analytical models relied on
the potential theory, in which the viscosity and surface tension of the
fluid were ignored and the potential flow around a rigid body was
estimated. More recently, researchers discovered that the water entry
phenomenon might become more severe at high impact velocities and
low deadrise angles, for which the coupling between hydrodynamic
pressures and structural responses intensifies (Faltinsen, 1999; Kapsen-
berg, 2011). In hydroelastic slamming, impact loads cause elastic de-
formations in the structure, which in turn affect fluid flow, causing the
pressure field to decrease. Numerous studies have been conducted to
investigate the effects of slamming loads on ships and offshore struc-
tures. Abrate (2013) provided an overview of the literature on the water
entry phenomenon in both marine and aerospace applications. A
comprehensive research summary on ship slamming loads and struc-
tural responses is presented by Wang and Soares (2017a).

In recent decades, various numerical methods have been employed
by scientists thanks to the development of supercomputers. Wang and
Soares (2012) used an explicit finite element method based on an
Arbitrary Lagrangian-Eulerian (ALE) formulation to simulate
two-dimensional (2D) water entry of rigid wedges and compared the
results with analytical calculations. A review of the capabilities of
Computational Fluid Dynamics (CFD) methods to estimate
impact-induced loads on rigid wedge-shaped bodies can be found in
Southall et al. (2015). By utilizing potential-based and CFD methods,
Kim et al. (2017) investigated the pressure distribution, free surface
evolution, and local slamming force on a wedge and a ship-like section.
Kamath et al. (2017) presented an open-source numerical model to
evaluate the water impact problem of a symmetrical rigid wedge and
examined the ability of the CFD model to simulate the impact of a freely
falling wedge. A finite volume method (FVM) was employed by Izadi
et al. (2018) to simulate the free-fall of 2D rigid wedges in different
deadrise angles. The effect of heel angle on pressure distribution, pile-up
evolution, and impact loads of oblique water entry problems on an
asymmetrical wedge was numerically analysed by Hosseinzadeh et al.
(2020). The water entry process of a freefall lifeboat at various drop
heights and angles was investigated by Huang et al. (2021), who
discovered that a higher drop angle can reduce the risk of colliding and
slamming pressure on the hull.

The majority of the analytical and numerical methods mentioned
above were applied to rigid and simplified two-dimensional bodies.
However, it could be challenging to implement them in complex three-
dimensional (3D) flexible structures. In an attempt to tackle this prob-
lem, Stenius et al. (2007) used an explicit finite element method to study
the influence of hydroelastic effects during the water entry impact of an
elastic panel. The hydroelastic responses of flat stiffened panels under
slamming loads were numerically investigated by Luo et al. (2010).
They employed the ALE method to predict the slamming loads acting on
rigid and elastic structures. Luo et al. (2012) investigated the slamming
loads and responses of a complex 3D steel wedge with longitudinal and
transverse stiffeners both experimentally and numerically. They
simplified the coupled problem into a decoupled model and neglected
the effect of elastic vibration on fluid motion. In their study, the pressure
distribution was predicted using Wagner theory and applied to a FEM
model to calculate stress responses. Stenius et al. (2011) provided nu-
merical simulations of an elastic panel water impact for high-speed craft
and concluded that both inertial and kinematic effects need to be
explicitly considered to fully understand the hydroelastic problem. The
effect of slamming pressure on a deformable flat stiffened plate using the
ALE algorithm was investigated by Cheon et al. (2016). By examining
the relation between the loading period and the natural period of vi-
bration of the structure, Wang and Soares (2017b) studied the impor-
tance of hydroelasticity for local slamming induced responses on a
rectangular plate. The water impact problem of a stiffened steel panel
was simulated by using the fully coupled ALE algorithm (Wang and
Guedes Soares, 2018). A comparison of the predicted slamming loads of
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rigid and flexible panels revealed that flexibility could reduce the
slamming-induced loads on the structure. Yu et al. (2019a) investigated
the hydroelasticity of a wedge with stiffened panels in constant-velocity
water entry. A semi-analytical hydrodynamic impact theory was used to
model the fluid domain, while the structural response was solved using a
modal superposition method. Yu et al. (2019b) used the multi-material
ALE method in LS-DYNA to verify a proposed analytical model and
examine the hydro-plastic slamming response of beams and stiffened
panels. They discovered that the proposed hydro-plastic model accu-
rately predicts permanent deflections of stiffened panels, and the
coupling between hydrodynamic loads and structural deformations can
be well captured. A numerical investigation of slamming loads acting on
flat stiffened plates and their dynamic response presented by Truong
et al. (2020). They employed a MMALE solver to simulate the slamming
impact. The similarity of two FSI models, namely the structure dropping
case and the water hitting case, was examined in their study. A
comprehensive study by Truong et al. (2021) was carried out to
demonstrate the FSI simulation methodology and modelling technique
for predicting the slamming loads acting on stiffened plates of offshore
structures. The authors employed FSI methods from four different
commercial software and compared slamming pressure results of
flat-stiffened steel plates against the analytical models proposed by the
DNV Classification Standards (DNV-RP-C205, 2010) and existing
experimental data (Mori, 1977). The numerical uncertainties due to
discretization for the ALE method in predicting impact-induced loads on
a rigid and elastic flat plate were investigated by Wang et al. (2021).
These results illustrated that numerical errors affect the analysis of
slamming loads, associated structural responses, and hydroelasticity
analysis. Based on the results, they concluded that uncertainty due to
domain discretization when using the ALE method is both case- and
parameter-specific.

Strongly coupled methods combining Finite Volume Method (FVM)
and Finite Element Method (FEM) can also be used to predict slamming
loads and structural responses. A numerical investigation of hydroelastic
slamming of symmetric flexible wedges was conducted by Hosseinzadeh
and Tabri (2021a). In the latter publication, the authors study the effect
of constant vertical velocity and free-fall impact on slamming pressures
and bottom plate deflections. The results showed that the assumption of
constant velocity causes overestimated slamming loads and associated
structural responses on the elastic wedges as compared to the free-falling
cases. Yan et al. (2022a) also applied a two-way coupled FVM-based
CFD-FEA modelling procedure to study the slamming impact on stiff
and flexible flat plates and wedge structures and discovered that stiff
plates reach their peak pressure earlier and with a higher maximum
pressure when compared to flexible plates. Recently, uncertainties of
numerical simulations and experiments of relevance to flat plate impact
based in ITTC procedure (ITTC, 2017) were assessed by Yan et al.
(2022b). This work demonstrated that the percentage of validation un-
certainty for peak pressure tends to be smaller at high impact velocities
and is generally independent of the velocity for slamming forces.

The published literature shows that there are limited studies on the
application of numerical approaches to assess hydroelastic slamming on
three-dimensional bodies. It is also critical to recognize whether the
fully two-way coupling method should be considered during the nu-
merical analysis of impact-induced loads. The purpose of this paper is to
verify and compare the results of slamming loads and responses on a 3D
elastic structure. Numerical studies are carried out on a non-prismatic
aluminium wedge with stiffened and unstiffened bottoms that freely
falls into water at different impact velocities. Results are compared with
experimental data presented in Hosseinzadeh et al. (2023). In order to
assess the three-dimensional effects on the maximum slamming force,
the numerical results of 2D and 3D wedges are compared at various
impact velocities. The described flexible fluid structure interactions
(FFSI) problem is simulated with two different numerical methods,
namely: (a) an explicit nonlinear FEA method with a MMALE solver; (b)
a two-way coupled assumption with a k-e turbulence model and implicit
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Table 1
Material properties and specifications of the non-prismatic aluminium wedge.

Material parameters Value

1.5 x 0.94 x 0.45 [m]
2700 [kg/m®]

Length x Breadth x Height
Density (ps)

Modulus of Elasticity (E) 68 [GPa]

Shear Modulus (G) 26 [GPa]

Poisson Ratio (v) 0.33

Tensile Strength 300 [MPa]

Longitudinal and Transverse Stiffener T54 x 3 + 35 x 4 [mm]
Keel flat bar 60 x 5 [mm]

Thickness of the Endplates 10 [mm]

Thickness of the Side plates 4 [mm]

unsteady solver (CFD/FEM) for both the fluid and structural domains.
To examine the influence of viscosity on the impact loads and dynamic
response of elastic structures, the described water entry problem is
analysed in an inviscid flow using the CFD and FEM coupling methods.
All numerical idealisations assume free fall water entry.

A summary of the experimental work, including specifications of the
non-prismatic aluminium wedge and sensor arrangement, is presented
in Section 2. Section 3 describes the two-way coupling algorithm and the
numerical settings employed, as well as the mesh study of the two
computational methods. The results of the numerical studies are verified
and compared with the experimental data in Section 4. Finally, Section 5
presents the main conclusions of this study.

2. A summary of experimental work

Hosseinzadeh et al. (2023) conducted a series of experiments to
measure the slamming pressure and structural responses during free-fall
water impact by designing a non-prismatic aluminium wedge made of
alloy 5083-H111. The wedge section resembled a fore body structure of
a medium-speed small craft. The test set-up was defined based on the
practicalities involving the production of the wedge section on the
laboratory scale and achieving sufficient stiffness difference on the port
and starboard sides of the specimen. The bottom of the wedge was
manufactured using two different plates with varying deadrise angles
from 20° to 30°. The starboard side of the wedge was constructed with a
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4 mm thick extruded aluminium panel with T-shaped longitudinal and
transverse stiffeners (stiffened bottom), while the port side was
unstiffened with a 4 mm thickness (unstiffened bottom). The material
properties and dimensions of the wedge are summarized in Table 1. The
wedge weighs 55 kg including all sensors, screws, welding, and the top
frame.

Piezoelectric pressure transducers (16 in total) were used to measure
the slamming pressures. The pressure sensors were symmetrically
installed on the bottom of the wedge to compare the pressure data of the
unstiffened and stiffened bottom plates. The structural responses of the
wedge were measured using twenty linear strain gauges mounted on the
inner side of the bottom plates in both transverse and longitudinal di-
rections. In addition, three accelerometers were installed at the fore,
middle, and aft of the keel and named A¢, Ay, and A,, respectively. Fig. 1
shows a schematic of the top view of the wedge containing the location
of pressure sensors, strain gauges, and accelerometers. The pressure
sensors on the wedge’s port and starboard sides are marked differently.
For example, P1g indicates the first pressure sensor on the stiffened
bottom. On the other hand, P1y represents the first pressure sensor on
the unstiffened bottom. Similarly, the strain gauges on the stiffened and
unstiffened bottoms of the wedge are labelled differently. For example,
S1Lg is the first strain gauge on the stiffened bottom in the longitudinal
direction, and S1Ty is the first strain gauge on the unstiffened bottom in
the transverse direction. Detailed information on the experimental study
including the test plan, data acquisition system, and uncertainties
associated with the tests can be found in Hosseinzadeh et al. (2023).

3. Numerical modelling

In this section, two numerical approaches utilised for the computa-
tion of impact-induced loads and responses on a three-dimensional
wedge are presented. The aluminium wedge with non-prismatic char-
acteristics is numerically modelled using two different coupling methods
under free-fall conditions. At first, the described FFSI problem is simu-
lated with an explicit nonlinear FE scheme in LS-DYNA that accounts for
the free surface of water by taking advantage of a MMALE solver. In this
way both air and water can be idealized in the same element. It was
assumed that the water free surface is undisturbed and that the fluid is
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Fig. 1. Arrangement of sensors used in the experiment: a) location of pressure sensors, strain gauges, and accelerometers; b) A-A cross section with pressure sensor
locations at 27-degree deadrise angle; ¢) B-B cross section with pressure sensor locations at 23.5-degree deadrise angle (reproduced from Hosseinzadeh and

Tabri, 2021b).
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Fig. 2. The detail of the Multi Material Arbitrary Lagrangian-Eulerian (MMALE) algorithm (LS-DYNA Theory Manual, 2022; Souli and Benson, 2013).

incompressible and inviscid. The multi-material Eulerian formulation
was applied to the fluid domain including water and air and the
Lagrangian formulation was used to describe the deformations of the
structure. In the second idealization method, a two-way coupled FVM
(based on RANS CFD) and FEM approache was employed to model the
defined phenomenon under viscous and inviscid assumptions. There-
fore, part of the effort was dedicated to comparing the effects of viscosity
on slamming loads.

3.1. Arbitrary Lagrangian-Eulerian (ALE) algorithm

The ALE algorithm is a computational method consisting of both
Lagrangian and Eulerian formulations that applies conservation equa-
tions in FEA. Lagrangian formulations can be used to idealise structural
dynamics by means of boundaries of Eulerian mesh forming the fluid
domain (Souli and Benson, 2013). A detailed explanation of the mesh
motion in the ALE method can be found in (Benson, 1992; Donea et al.,
2004; Aquelet and Souli, 2008; Souli and Benson, 2013; LS-DYNA
Theory Manual, 2022).

In FFSI problems, coupling between fluid and solid domains is a
challenging task and may affect the accuracy of the results. Taking I
and I’y as the boundaries of the solid and fluid domains, respectively,
therefore, I'f; is the FSI interface and can be defined as I'y; = I's(\[7. A
coupling occurs between the fluid and the structure at the interface (/')
where the fluid pressure is transferred to the structure while the nodal
velocities of the fluid are constrained to be equal to the nodal velocities
of the structure. There is continuity of velocity and stress normal com-
ponents on both sides of I's; boundary. In this study, an Euler-Lagrange
penalty coupling method is employed to model the interaction between
the fluid and the structure. This method combines the MMALE formu-
lation and the classical master-slave penalty contact method and gua-
rantees the conservation of momentum and energy (Souli and Benson,
2013). In the Euler-Lagrange coupling, the structure is embedded in an
Eulerian fixed mesh. The Eulerian mesh contains the Lagrangian struc-
ture and the MMALE fluid, which flows across the mesh using the

advection strategy to update velocity and history variables. A detailed
description of MMALE algorithm can be found in Fig. 2.

In an explicit integration problem, after calculating the nodal forces
for fluid and structure, the coupling forces of the nodes on the fluid

structure interface are computed. A depth penetration d is incremen-
tally updated at each time step for each structure node, using the relative
velocity (v, — W). The structure node is considered as a slave node and
the master node within the Eulerian element. Using the isoparametric
coordinates of the fluid element, the location of the master node is
computed. At time t" = t"~! + At, the penetration vector is updated as in

—nt+l
d —

a4 (Wnu/z _ V*/mi»l/l)‘At o)

where At is the increment of time, V; is the velocity of the slave node,
and W is the fluid velocity at the master node location. The fluid velocity
is interpolated from the nodes of fluid element at the current time step. It
should be noted that the coupling force acts only if penetration occurs

—n
(n;.d < 0), where n; is built up by averaging normal of structure ele-
ments connected to the structure node.

A penalty coupling method is used to solve the FSI problem between
a Lagrangian formulation (structure) and an ALE formulation (fluid).
This method allows the fluid to flow in the parallel direction to the
Lagrangian segments, but not to penetrate the contact surface (LS-DYNA
Theory Manual, 2022). The ALE algorithm searches for the elements that
overlap or intersect between the Lagrangian segments and the ALE
multi-material groups. If an overlap is detected, a coupling force is
applied to the penetrating segments. Then, the state variables of the
deformed ALE material are mapped back onto the reference ALE mesh in
the advection step. The penalty coupling behaves like a spring system
and the penalty forces are proportional to the penetration depth and
spring stiffness. The spring head is attached to the structure (slave node),
and the spring tail is connected to the master node within a fluid element
intercepted by the structure (Souli and Benson, 2013). The coupling
force is defined by
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Fig. 3. Description of the Arbitrary Lagrangian-Eulerian coupling scheme with penalty factor (reproduced from Souli and Benson, 2013).
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Fig. 4. MMALE domain and applied boundary conditions with the initial
impact velocity in LS-DYNA.

F=kd 2)

where d represents the penetration and k is the spring stiffness. To satisfy
the equilibrium at the interface coupling, the force is applied to both
master and slave nodes in opposite direction. The stiffness value is
problem dependent, and a desirable value for the stiffness should
minimise the energy interface to satisfy total energy conservation and
prevent fluid leakage through the structure. This study uses the explicit
penalty contact algorithm in LS-DYNA (LS-DYNA Theory Manual, 202.2)
to determine the stiffness of the spring. The numerical stiffness is
expressed in terms of the bulk modulus (K) in the coupling containing
the structure node, the fluid element volume (V) that contains the
master node, and the average area (A) of the structure elements attached
to the structure node.
2

k=p0 ®

A penalty factor p; (0 <p; < 1) is introduced for scaling the esti-
mated stiffness of the coupling system to avoid the numerical in-
stabilities. For impact problems, it is always necessary to examine the
effect of p; on the solution. Cheon et al. (2016) investigated the effect of
penalty factor on the slamming pressure distribution on a flat stiffened
plate and found that the influence of p; on the impact load is small. A
significant issue with the penalty coupling algorithm is the numerical
noise that results from high-frequency oscillations in the coupling

process. Insufficient penalty contact causes large non-physical penetra-
tions, which may disrupt the flow field and cause leakage on the
Lagrangian structure, especially at high impact velocities (Stenius et al.,
2007). Therefore, a viscous contact damping is added to the coupling
algorithm to damp out the high-frequency oscillations. Fig. 3 illustrates
the Euler-Lagrange penalty coupling scheme with added viscous
damping. By adding the term of viscous damping, the coupling force
becomes:

F=kd+Cd —C=&/kM @

where C represents the damping coefficient and M is the equivalent
mass. The damping factor (&) is used to scale the applied damping and
when ¢ is critical, the damping is optimal according to Souli and Benson
(2013) and Aquelet et al. (2006). Luo et al. (2011) conducted a para-
metric study, including the penalty factor, mesh size, and the number of
the contact points on a two-dimensional rigid wedge, and validated the
results by comparing with the experimental data from Zhao et al.
(1996).

3.2. ALE numerical setup

The experimental case described in the previous section is simulated
numerically employing the ALE method and the penalty coupling al-
gorithm. Fig. 4 illustrates the numerical model including the fluid
domain (air and water) and the aluminium wedge. Due to the non-
prismatic shape of the 3D wedge and the different bottom plates, the
entire structure must be modelled. The properties of the structure with
longitudinal and transverse stiffeners are presented in Table 1. The
wedge was modelled based on the Lagrangian method with shell
element formulation. For the top support frame, it was assumed that
there are no deformations or rotations, while the deformable material
was considered for all other parts of the wedge. The material types
named Rigid and Elastic were used to define the materials of the support
frame and the aluminium wedge, respectively. Five integration points
through the shell thickness using the Lobatto integration method and
0.83 shear factor were applied in all the analyses (LS-DYNA Theory
Manual, 2022). To allow free-fall motion only in the y-direction, the top
frame of the wedge was constrained in the horizontal directions (x and z
directions). In addition, the non-reflecting boundaries are employed on
the numerical domain’s left, right, top, and bottom sides to avoid
reflection of the impulse wave at the boundaries. An initial velocity (V;)
corresponding to the wedge impact velocity is applied in all simulations.

The solid elements with one point ALE multi-material element
formulation were used to model the fluid domain including water and
air. To describe the nonlinear properties of a fluid-like deformation in
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Table 2
Equation of State (EOS) coefficients and material properties of fluid models.

*EOS_Linear_Polynomial Air *EOS_Griineisen Water

Parameter Parameter

Co [MPd| 0.0 Sound speed of fluid, C 1480
im /s

¢, [MPd] 0.0 S~ 2.599

C, [MPd] 0.0 Sy — ] -1.985

C3[MPd] 0.0 Ss[— ] 0.2286

Co[ -] 0.4 vol -1 0.493

Cs[—] 0.4 First-order volume 1.397
correction, a | — ]

Co[—] 0.0 Initial internal energy, 0.2895
Eo [MPq]

Initial internal energy, Ey 0.25 Initial relative volume, 1.0

[MPa] Vol-]

Initial relative volume, Vo [ — 1.0

*MAT _NULL (Air) *MAT_NULL (Water)

Density, p, [kg /m®] 1.204 Density, p, [kg /m°®] 998.2

Dynamic viscosity y, kg /m.s] ~ 1.825E- Dynamic viscosity y, 1.00E-3

5 kg /m.s)
Pressure cutoff [Pa] —10.00 Pressure cutoff [Pa] —1.00E+4

explicit dynamic codes, a set of constitutive equations with suitable
boundary conditions needs to be solved. The constitutive model defines
the partial stress of the material and the equation of state (EOS) for the
relationship between the volume of deformation and stress. In this case,
the solid elements were assigned with *Mat_Null with no shear stiffness
or yield strength, which behaves as fluid-like material. The air was
modelled as a perfect gas with zero shear strength and *Mat_Null and
*EOS_Linear_Polynomial were used to define its properties. For the air
state, the pressure is given by

P=Cy+Cipu+ Czﬂ2 + Cs/'i1 + (C4 + Csp+ Collz)E )

where Cy(i=1,..,6) are the hydrodynamic constants and E is the in-
ternal energy per unit reference volume. The parameter y is described by

w=(p/py) —1 ©

where pj, is the density at nominal or reference state, usually non-stress
or non-deformed state, and p is the current density. The Griineisen EOS
(Heuze, 2012) based on a cubic shock velocity-particle velocity is used
to model the water state. The Griineisen EOS of the water defines the
pressure by

P=P.+Pr = A(p) + B(u)E ™

where B(y) = (7, + au). For expanded materials (4 < 0), A(u) = poC2u
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and for compression materials (u > 0), A(u) is defined as
_ /’0C2ﬂ[2 + 2=y —(ro— a)l‘z]
- 2 3 2

2[1 — (S D= Syt = Syt

(u+1

Alu) ®

In Eq. (8), S1, S2, S3 are the coefficients of the slope of the shock velocity
versus particle velocity curve (us — u, curve) where us and u, are the
constant of the shock wave velocity and particle velocity, respectively.
7o is the Griineisen gamma, a is the first-order volume correction to y,,
and Cj is the intercept of us — u, curve, which corresponds to the adia-
batic sound speed of fluid. The corresponding parameters for all fluid
materials and the constants used in this study are summarized in
Table 2. The coupling algorithm between MMALE and elastic wedge is
controlled by *Constrained_Lagrange_In_Solid card, which is used to
define the contact between MMALE groups (*Control ALE) and
Lagrangian elements. It should be noted that in the current study the
effects of water surface tension, as well as the effect of gravity, are
considered.

As stated above, the penalty-based method was applied to model the
contact between the structure and the fluid. According to Aquelet et al.
(2006), increasing the penalty factor (ps) reduces the interpenetration
allowed at the nodes of the contact interface. With high contact stiffness
and zero penetrations, the interface condition is satisfied, but the virtual
spring-damper system of the contact algorithm becomes more frequent
and numerical instabilities occur as a result.

Cheon et al. (2016) investigated the influence of penalty factors on
pressure values and found that the variations between penalty factors of
0.01, 0.05, 0.1, 0.5, and 1.0 are minimal. However, the combination of
penalty (p) and damping (¢) factors was not taken into consideration in
that study. Ladeira (2020) discovered that an excessively high damping
coefficient can result in unstable coupling. He conducted a comparative
study of the effect of damping and penalty factors on vertical slamming
force and concluded that simulations with pf = 0.02 and £ = 0.1 have
fewer numerical instabilities. Therefore, the same values are used for
present simulations. Additionally, the minimum volume fraction is 0.33
and the number of coupling points distributed over each coupled
Lagrangian surface is set by default to 2.

The mesh regions of the MMALE numerical domain including solid
and shell elements are shown in Fig. 5. The fluid domain is modelled
with 1-point ALE multi-material solid hexahedral elements, whereas the
Belytschko-Tsay shell element formulation are used for the wedge
structure. To minimise numerical issues and achieve accurate results,
the mesh regions of the impact area need to be sufficiently fine. Coarser
meshes may be used in areas far from the areas of interest to reduce
computational time. A mesh sensitivity study was conducted for impact

a)

Fig. 5. MMALE computational domain including mesh regions: a) 1-point ALE multi-material solid hexahedral elements; b) 4-noded shell elements.

b)
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Table 3
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Dimensions of different mesh sizes in LS-DYNA (Unit: mm) and a comparison of experimental peak pressure and maximum strain with the MMALE results at 2.20 [m/s]

impact velocity.

Fluid Domain Structure Domain Comparison
Length Ly Lo Ly L Ls Le Peak Pressure Maximum Strain
1000 550 1500 500 380 170 230
Minimum cell size Minimum cell size on the bottom AP5g (%) AS2Ty (%)
Case 1 9.3 18.25 12,5 16.5 12.5 8.5 12.5 14.25 x 10.25 33.80 52.51
Case 2 8.13 18.25 12,5 16.5 12.5 7.43 12.5 14.25 x 10.25 21.59 30.20
Case 3 6.975 18.25 12.5 16.5 12.5 6.375 12.5 12.25 x 9.00 8.12 10.73
Case 4 4.65 18.25 12.5 16.5 12.5 4.25 12.5 12.25 x 9.00 (6.125 x 4.5) 1.87 4.76
100 30 100
——EFD
U\ Maximum EFD Strain
80
—_~ —~
= £ g
= E Maximum EFD Pressure é
= = 60 >
»n =) j=}
e
o 8 8
72 wn
40
—o—Pressuremax
—D—StrammL
20
0 0.02 0.04 0.06 0 0.02 0.04 0.06 2 4 6 8 10
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a) b) )

Fig. 6. Effect of different mesh size in MMALE method at 2.20 [m/s] impact velocity: a) time history of pressure on the stiffened bottom; b) time history of strain on
the unstiffened bottom; c) element size versus the accuracy of maximum pressure and strain.

a)

b)

Fig. 7. Numerical fluid domain in Star-CCM+: a) dimensions of the background region; b) dimensions of the overset region.

velocity of 2.20 [m/s]. The aim was to determine the most optimal mesh
that provides precise results for the simulations presented. The effect of
mesh size on simulation results was investigated using four different
mesh cases in the fluid and structure domains. Table 3 summarizes the
details of the implemented meshes and presents the percentage differ-
ence between the experimental fluid dynamics (EFD) data and the cor-
responding numerical results, where AP5s = (P5sgFpmax —
P55 MMALEmax)/P5s EFpmax- The same method is applied for comparing
the maximum strain (AS2Ty) values.

The simulation results of these four different mesh sizes are
demonstrated in Fig. 6. A comparison of numerical and experimental
results of the slamming pressure on the stiffened bottom of the wedge

with 23.5-degree deadrise angle (P5s) is presented in Fig. 6a. From
preliminary simulations, it was found that the coupling between the
fluid and the structure cannot be achieved if the Lagrangian mesh is
coarser than the fluid mesh in the ALE method. This means if meshes
differ significantly, it would be difficult to track the contact boundaries
between the fluid and structure, and thus the coupling forces cannot be
properly evaluated. As shown in Fig. 6, the numerical fluctuation in the
pressure results is significant in cases 1,2. However, it nearly disappears
in Case 3. The pressure peak value (P5s_yvae = 22.58 kPa) in case 4 is
well agreed with the experimental data (P5s_grp = 23.02 kPa). How-
ever, in the other cases, it is underestimated. It should be noted that for
Case 4, as shown in Fig. 5, a mesh refinement is applied around all
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o,
a) ©)

Fig. 8. Properties of mesh elements in CFD/FEM coupling method: a) the mesh size on the background region with a refinement on the free surface; b) close view of
trimmed cell mesh in the overset region with its refinement; c) four-node shell element (S4R) in ABAQUS.

Table 4
Dimensions of different mesh sizes in CFD/FEM coupling method (Unit: mm) and a comparison of experimental peak pressure and maximum strain with the numerical
results at 2.20 [m/s] impact velocity.

Fluid Domain Structure Domain Comparison
Length Ly L Ls Ly Ls Le L Lg Lo Peak Pressure Maximum Strain
10000 7500 4000 3000 2500 2400 1600 2400 400
Minimum cell size Minimum cell size on the bottom AP5g (%) AS2Ty (%)
Case 1 250 250 250 250 30 100 100 18.75 18.75 10 x 10 29.45 35.27
Case 2 250 250 250 250 30 75 75 12.5 12.5 10 x 10 24.54 27.58
Case 3 250 250 250 250 15 50 50 9.375 9.375 10 x 10 15.77 19.24
Case 4 250 250 250 250 15 50 50 6.25 6.25 10 x 10 4.30 4.17
25 30
30 ——EFD —Q—Pressuremﬂx 90
—p—Strain
20 o Maximum EFD Strain Hils 80
—~ —~
o 15 8 = 25 g
= g & oo\ o Meimm e s {70
=7 3 40 < 3
«» 10 S »n S
& = Y 60 &
N 20 N
5 »v )0 1%}
50
0 0
15 40
0 0.01  0.02 0.03 0.04 0 0.01 002 003 0.04 3 10 15 20
Time (s) Time (s) Minimum Element Size
a) b) <)

Fig. 9. Effect of different mesh size in CFD/FEM coupling method with 2.20 [m/s] impact velocity: a) time history of pressure on the stiffened bottom; b) time history
of strain on the unstiffened bottom; c) element size versus the accuracy of maximum pressure and strain.

pressure sensors. As with the pressure time history, the strain results of employed for the remaining simulations presented in this paper.
second strain sensor on the unstiffened bottom are compared in different
mesh sizes (Fig. 6b). This shows that the maximum strain value
(S2Ty_mmare = 84.24 pm/m) closely matches the experimental data
(S2Ty_grp = 80.41 pm/m). The effect of the element size on the
maximum value of pressure and strain is shown in Fig. 6¢ for each case.
According to the results of this mesh study, the numerical model with
mesh size applied for Case 4 is suitable to capture the impact pressure
and structural responses of the aluminium wedge. Therefore, it is

3.3. CFD-FEM numerical setup

In addition to the ALE method, a two-way coupling method is
employed to investigate the effect of viscosity on the hydrodynamic
pressure and structural response. An explanation of the two-way
coupling algorithm can be found in Hosseinzadeh and Tabri (2021a);
Yan et al. (2022a). In this numerical model, the CFD solver (Star-CCM+)
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Fig. 10. Comparison of the results of turbulent and inviscid flow at 4.00 [m/s] impact velocity; a) time history of slamming pressure: b) time history of strain
response; ¢) maximum deflection on the unstiffened bottom plate.

0 14
——EFD —EFD
0.02 s MMALE 12 -+ MMALE
: - - CFD/FEM - \CFD/FEM
0.04 = .
s w
2 8
%—0.06 E )
S z R
§ -0.08 g <
~ © 4
-0.1 )
-0.12 ~ 0 S
-0.14 -2
0 0.02 0.04 0.06 0 0.02 0.04 0.06 0.02 0.04 0.06
Time (s) Time (s) Time (s)

a) b) c)

Fig. 11. Comparison of numerical and experimental results at 4.00 [m/s] impact velocity: a) time history of vertical position; b) time history of vertical impact

velocity; c) time history of vertical acceleration at the midsection of the wedge.
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Fig. 12. Comparison of experimental and numerical results for maximum vertical acceleration at different location of the wedge and various impact velocities.
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Fig. 13. Comparison of the predicted and measured pressure results at 4.00
[m/s] impact velocity on unstiffened (U) and stiffened (S) bottom plates at: a)
27-degree deadrise angle; b) 23.5-degree deadrise angle.

is used to solve the fluid flow and hydrodynamic pressure, and the FEM
solver (ABAQUS) is utilised to solve the structural responses due to
slamming loads. The Reynolds-averaged Navier Stokes equations
(RANS) and continuity equation are solved using Finite Volume Method
(FVM) with an implicit unsteady solver and first-order discretization in
time. Moreover, a k-¢ turbulence model is employed and a two-phase
Eulerian flow is defined, with the assumption that both, air and water,
phases are incompressible. In addition, a simulation of the water entry
problem is also carried out in inviscid flow to analyse the influence of
viscosity on impact loads. As shown in Fig. 7, the fluid domain consists
of air and water that are separated by a free surface. The water entry
problem includes a complex evolution of the free surface during the
impact stage, and the volume-of-fluid (VOF) interface-capturing tech-
nique is employed to provide a precise solution for the nonlinear and
complex free surface. Eq. (9) computes the density (p) at each cell, and
Eq. (10) calculates the kinematic viscosity (u):

p=ap,+(1-a)p, 9

u=au, +(1-a)u, (10)
where w and a subscripts are for water and air, respectively and « rep-
resents volume fraction of the fluid which is defined as

o

-+ V(aw)=0

s a1

To describe the fluid domain around the wedge during the impact,
the FVM and Semi-Implicit Method for Pressure-Linking Equations
(SIMPLE) are employed. Additionally, the volume fraction of the fluid
(a) is solved using the VOF technique with a High-Resolution Interface
Capturing (HRIC) scheme (STAR-CCM-+, 2020).

The wedge structure is modelled with four-node shell element (S4R)

10
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in ABAQUS (Dassault Systemes, 2016). A nonlinear, dynamic, implicit
analysis is defined for the FEM solver that uses the Hilber-Hughes-Taylor
time integration by default (Bathe, 2006). To simulate free-fall vertical
translation, the free y-direction boundary condition is applied to the
wedge. The outer sides of the shell elements are defined as a coupled
surface and assigned to the fluid-structure co-simulation boundary to
transfer the structural response to the fluid domain. The model is also
subject to a gravity load and the initial impact velocity is defined as a
predefined field.

Due to the dynamic nature of the slamming problem, the fluid flow
and structure deformations can change dramatically over time. There-
fore, the CFD and FEM solvers have been coupled using a strongly two-
way coupling method in the present study. In each time step, the pres-
sure load and shear stress from CFD model is first computed and then
applied as a surface load in the FE model and the calculated nodal
displacement of the structure is transferred back to the fluid domain.
Therefore, the fluid domain mesh can be updated for the next time step
using a mesh morphing technique based on the deflection and vertical
translation of the structure (Lakshmynarayanana and Hirdaris, 2020;
Hosseinzadeh and Tabri, 2021a; Yan et al., 2022a). In this study, an
implicit coupling scheme with constant coupling time step equal to the
fluid solver time step was used. The co-simulation setup was specified as
a minimum of twenty exchanges per time step and one inner iteration
with an active morpher-solver during the inner iteration. To achieve
convergence with a minimal number of iterations, the FSI
under-relaxation parameter and number of inner iterations must be
properly chosen. According to Eq. (12), the FSI under-relaxation factor
(B,) is related to the nodal displacements (w) imported from FE model.
wiit = (L= pwi™ 4 B 12
where w is unrelaxed nodal displacement, n is related to the time step,
and i is the iteration counter. A low under-relaxation factor (5, < 0.5)
should be carefully chosen for the problems demanding dynamic accu-
racy, as more iterations and a longer computational time would be
required. On the other hand, an excessively large ., may influence the
simulation’s convergence and underestimate the pressure loads (Causin
et al., 2005; Piro and Maki, 2013; STAR-CCM+, 2020). In this study, the
FSI under-relaxation factor is set to 0.6. To prevent numerical in-
stabilities at the beginning of the simulation, a pressure ramping
parameter of [0, 004] was applied.

As mentioned before, the governing equations are discretised over a
grid of cells using the finite volume method, and the nodal values are
computed at the centre of each cell. The hexahedral mesh was applied to
the fluid domain as it provides an accurate solution and is particularly
suitable for simulating the free surface problems. As demonstrated in
Fig. 7b, the overset mesh technique is used to reduce the computation
time by establishing a smaller mesh near the walls and free surface of the
structure. The nodal values of background and overset regions are
interpolated linearly. The mesh morpher method, which allows the
boundaries and nodes to modify in accordance with the imported
displacement from the FE solver, was employed because the fluid mesh
needs to be updated depending on the structural deformations. Fig. 8a
illustrates the implemented mesh with an overset region and a free
surface refinement area in the fluid domain. In the overset region, a
prism layer mesher with 15 prism layers was applied to capture the
boundary layer and spray root generated during the impact. A pre-
liminary assessment of the numerical model revealed that a grid
refinement of the fluid domain around the structure is necessary to
resolve the volume distribution of water near the wedge surface.
Therefore, various controls are applied to the overset region, including a
volumetric control around the wedge and a surface control on the bot-
tom plates of the wedge section (Fig. 8b). As shown in Fig. 8c, the wedge
structure is modelled in the FE solver using a four-node shell element
(S4R) with reduced integration to allow hourglass control and eliminate
shear lock-in (Dassault Systemes, 2016).
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Fig. 14. Comparison of computed and experimental results for maximum pressure at various impact velocities on the unstiffened (U) and stiffened (S) plates of the

wedge at 27-degree deadrise angle.

In order to determine the best mesh that provides accurate results for
the present coupling method, a mesh convergence study was carried out
on the case with an impact velocity of 2.20 [m/s] in a manner similar to
the MMALE method. The mesh properties and grid sizes of the four
different cases used to examine the effect of mesh size on the slamming
pressure and structural response are shown in Table 4. It should be noted
that during the mesh study, the cell size in the background region and
the element size in the structure solver remain constant. Fig. 9a com-
pares slamming pressure time history of the sensor located on the stiff-
ened bottom with 23.5-degree deadrise angle (P5s) computed with four
different mesh sizes. For the first and second cases, the fluid solver (Aty)
and coupling (Atgg) time step were 0.1 [ms] and 0.5 [ms], respectively,
whereas Aty = Atzs; = 0.05 ms was used for the third and fourth cases. It
is shown that in Case 4, the maximum value of the calculated pressure
(P5s_crp/rem = 22.03 kPa) agrees well with the measured pressure form
experiments (P5s_grp = 23.03 kPa). Similarly, a comparison of the
strain values of the second strain sensor on the unstiffened bottom is
shown in Fig. 9b, which explains that for the fourth Case the maximum
strain value (S2Ty_cep/rem = 77.06 pm/m) nearly matches the experi-
mental data (S2Ty_gsp = 80.41 pm/m). Additionally, Table 4 presents
the percentage difference between the experimental data and the nu-
merical results for both pressure and strain values.

As already stated, the effect of viscosity on the wedge water entry
problem is examined in the present study. To determine how the tur-
bulent and viscosity assumptions affect the pressure distributions, strain
responses, and bottom deflection of the wedge, the results of turbulent
flow and inviscid flow are compared at 4.00 [m/s] impact velocity. As
illustrated in Fig. 10, there is no significant difference between the
computed results of turbulent and inviscid simulations and the viscosity
effect on the impact-induced loads and responses can be neglected.

11

4. Results and discussions
4.1. Vertical motions

To verify the numerical models, the vertical motions of the wedge
presented in section 3 are compared with experimental results
(described in Hosseinzadeh et al., 2023). A comparison between the
predicted results and the experimental data for 4.00 [m/s] impact ve-
locity is depicted in Fig. 11. A comparison of the vertical position time
history of the wedge after the impact is presented in Fig. 11a. It is worth
noticing that the experimental vertical position and velocity were
calculated by integrating the acceleration data measured during the
free-fall test. The calculated vertical velocity matches well with the
experiments for the free-falling period after the impact (Fig. 11b).
Similarly, Fig. 11c) compares the vertical acceleration time history at
the middle of the wedge (A,). It is shown that the maximum accelera-
tion value of numerical results is reasonably close to experiments. The
relative error in acceleration at the midsection of the wedge is in the
order of 3.0% and 4.8% for the MMALE and CFD/FEM methods,
respectively.

In addition to the time histories of the accelerations, the maximum
acceleration values computed by numerical methods were compared
with experimental measurements at different locations of the wedge and
various impact velocities. As demonstrated in Fig. 12, acceleration was
measured at aft (A,), middle (A,), and fore (A;) of the wedge for
deadrise angles of the order of 20°, 25°, and 30°, respectively. The
maximum acceleration of the wedge decreases with higher deadrise
angles. The slight deviation associated with the prediction of the
maximum vertical acceleration increases as the impact velocity also
increases. Table Al compares the maximum acceleration values
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calculated from two numerical models with the experimental data and
reports the relative error at various impact velocities.

Throughout the validation study, it was confirmed that the numeri-
cal models can simulate the experimental results with reasonable ac-
curacy (see Table A1). The numerical deviations observed in the time
history of acceleration could be attributed to several reasons. In the
CFD/FEM two-way coupling method, the number of iterations in each
time step, the coupling time step itself, the value used to idealise the
under-relaxation factor, and last but not least the mesh setup should all
be taken into account accurately and efficiently to prevent numerical
instabilities. During the preliminary simulations, it was discovered that
whereas the results of the CFD/FEM method are smooth, the MMALE
method produces noticeable fluctuations in time (Fig. 11). These fluc-
tuations were caused by the penalty coupling method in the MMALE
method, which accounts for contact stiffness between fluid and struc-
ture. The penalty coupling method can result in high-frequency oscil-
lations due to the nearly incompressible nature of the fluid (Aquelet
et al., 2006). Therefore, the penalty coupling factor (ps) and damping
factor (¢) were applied to the numerical model to achieve smooth re-
sults. Generally, the acceleration results indicate that the set-up of the
numerical models presented in this study is suitable to describe the
physics of the experiment. The comparison for all pressure and strain
sensors at different impact velocities is presented in the following
subsections.

4.2. Comparisons of the slamming pressure

The computed pressure distribution of sensors P1 and P5 at 4.00 [m/
s] impact velocity was compared against the results available from the
experiments (see Fig. 13). In order to investigate the effect of rigidity on
the pressure results, the pressure time history of the sensors located on
the unstiffened and stiffened bottom plates with the same deadrise angle

13

are shown in Fig. 13a and b, respectively. As expected, due to the flex-
ibility on the unstiffened bottom of the aluminium wedge, the peak
pressure of the unstiffened bottom is lower than that of the stiffened
bottom. Additionally, the pressure peaks for the sensors located on aft of
the wedge (Fig. 13b), where the deadrise angle is 23.5°, are higher than
those located on fore with 27° deadrise angle (Fig. 13a). In the first part
of this study (Hosseinzadeh et al., 2023), it was revealed that some
pressure sensors recorded negative values. This was particularly
apparent for the sensors placed on the smaller deadrise angle. In nu-
merical simulations, the same phenomenon has been observed for the
sensors near the chine. According to Fig. 13, the sensor on the unstiff-
ened plate shows a negative pressure that may be caused by pressure
relaxation due to plate deflection. The numerical results of both methods
have also been demonstrated to be in good agreement with the
experiments.

In Fig. 14, maximum pressure values computed by the different nu-
merical methods are compared against experimental measurements at
various impact velocities with a 27-degree deadrise angle. The vertical
error bar at the peak represents the standard deviation of the experi-
mental peak pressure for each sensor (Hosseinzadeh et al., 2023). In the
first row, maximum pressure values are presented for the sensors located
on the unstiffened bottom, and in the second row, peak pressures are
presented for the sensors positioned on the stiffened bottom. Similarly,
the pressure peak values of the sensors located on the section with a
23.5-degree deadrise angle are presented in Fig. 15. It can be observed
that there is good agreement between the numerical and experimental
pressure results. The discrepancy between numerical and experimental
results increases for the sensors on the unstiffened bottom and far away
from the keel. In addition, Table A2 presents a comparison of maximum
pressure values obtained from two numerical models with the experi-
mental data, along with the relative error of each sensor at an impact
velocity of 4.00 [m/s].
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the wedge.
4.3. Comparisons of structural responses

In addition to the impact velocity, vertical acceleration, and slam-
ming pressure, the numerical strain results of the aluminium wedge are
also compared to those from experiments. Fig. 1 shows strain gauge
arrangements along transverse and longitudinal directions. The strain
gauges were located symmetrically on both the stiffened and unstiffened
bottom plates, allowing the results to be assessed based on the structural
stiffness. Fig. 16 presents the transverse strain results of the sensors
located on the unstiffened (top) and stiffened (bottom) plates of the
wedge. The time histories of the transverse strain responses are
compared with the experimental data for the case with an impact ve-
locity of 4.00 [m/s]. It is shown that the strain values on the unstiffened
plate are considerably higher than those on the stiffened plate. The

strain value of the sensor S5Ts on the stiffened plate is noticeably lower
than that of on the unstiffened plate (S5Ty) as the sensor was positioned
on top of the transverse stiffener. The strain response time history in-
dicates the effect of deadrise angle on the results, with sensors posi-
tioned on the section with a smaller deadrise angle (S8T) having a higher
peak value.

In addition to the strain values in the transverse direction, the time
histories of the numerical strain responses in the longitudinal direction
at 4.00 [m/s] impact velocity for a short period of time are compared
with the experimental data in Fig. 17. It is worth mentioning that the
longitudinal strain gauges were located on the top of the longitudinal
stiffener of the stiffened plate for both experimental and numerical
models. Fig. 17, shows that the sensors on the stiffened plate display
noticeably lower strain values compared to those on the unstiffened

14
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the wedge.

plate.

The maximum transverse strains computed using numerical methods
are compared against the experimental measurements at various impact
velocities (see Fig. 18). As shown in this figure, the subscript of U rep-
resents the maximum strain values for the gauges located on the
unstiffened bottom and the subscript of S shows the maximum strain
values for the gauges positioned on the stiffened bottom. In the same
way as the pressure results, the vertical error bar at the peak represents
the standard deviation of the experimental peak strain for each sensor.
The strain results of the numerical simulations were computed at the
same location as the experimental strain gauges. Additionally, Fig. 19
compares the numerical strain peak values with experimental data for
stiffened and unstiffened plates located in the longitudinal direction.
Notably, the predicted and measured maximum strain values coincide
with each other quite well. However, the discrepancy between numer-
ical and experimental results increases for the strain gauges close to the
chine of the wedge. To further investigate the validity of the numerical
models, the maximum strain values obtained from the numerical sim-
ulations are compared with the experimental data and reported along
with the relative error for each sensor in Table A3 and Table A4.

To comprehend the influence of the two-way FFSI methods on
slamming, the effect of structural stiffness and impact velocity on the
deflection of the bottom plate is also examined. The time histories of the
maximum deflection of the bottom unstiffened and stiffened plates
computed by MMALE and CFD/FEM two-way coupling methods are
compared at various initial impact velocities. Fig. 20 depicts the distri-
butions of the bottom deflection (ABAQUS) and pressure (Star CCM-+) at
the time instant of the maximum bottom deflection. As anticipated, the
maximum deflection on the stiffened and unstiffened bottoms differs
significantly, and it increases with increasing impact velocity. For

15

instance, the maximum deflection on the unstiffened bottoms of the
wedge at 4.00 [m/s] initial impact velocity is 2.77 [mm], which occurs
at t = 0.018s of the simulation time, whereas the maximum deflection on
the stiffened plate is 0.82 [mm] and happens at t = 0.012s (Fig. 20d). It
may also be observed that the maximum deflection occurs when the
wedge is partially wetted and the stiffened plate experiences maximum
deflection earlier than that of the unstiffened bottom (Fig. 20). The ef-
fect of rigidity on the pressure peak and structural response is notice-
able, and the stiffened bottom’s deflection is remarkably negligible for
low impact velocities. It is demonstrated that both numerical methods
are able to predict the bottom deflection and that the results of the two
numerical methods are highly comparable.

4.4. Three-dimensional effects

A comparison of numerical and analytical results of the pressure
coefficient (C, = P/0.5pV?) on different deadrise angles of the wedge
are illustrated in Fig. 21. The aim of this comparison is to investigate the
three-dimensional effects on impact-induced loads. The numerical re-
sults were computed using the CFD/FEM two-way coupling method
presented in Subsection 3.3. The idealisation considered various solu-
tion time intervals of the order of 0.005, 0.01, 0.0225, and 0.03s, cor-
responding to the time instant when the spray root reaches 0.1, 0.25,
0.0.5, 0.65 of the wedge wall length (L). In Fig. 21a, the vertical axis
represents the pressure coefficient as defined before, and the horizontal
axis is non-dimensionalised by the vertical distance (y/d) where d is the
wedge penetration at each instant. The pressure coefficient results are
compared with the asymptotic solution presented by Zhao and Faltinsen
(1993). In the latter publication, the authors stated that the asymptotic
method can be applied for small deadrise angles (5 < 30 deg.) and that
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Table 5
Comparison of the maximum slamming pressure coefficient between numerical stiffened vs unstiffened results and asymptotic solution (Zhao and Faltinsen, 1993).
Stiffened vs Unstiffened Asymptotic vs Unstiffened Asymptotic vs Stiffened
Deadrise (deg.) Cpumax Cpsmax ACpmax (%) Cpmax (Asymptotic) ACpymax (%) ACpsmax (%)
20 15.11 17.30 12.61 18.63 18.90 7.20
25 11.95 12.07 0.99 11.35 5.29 6.34
30 6.48 7.27 10.85 7.40 12.32 1.65

the air pocket effect during the impact was ignored. It is shown that the

Table 6 pressure coefficient decreases over time and the differences between
A comparison of the numerical results of the maximum slamming force between pressure coefficients at the first and the last computed instants become
the 2D and 3D wedges. larger when the deadrise angle decreases.
Vi(m/  Deadrise Fap(N)  Cpmax Fap(N)  Comax ACrmax The effect of structural rigidity on the pressure coefficient is also
s) (deg.) (2D) (3D) (%) studied by comparing the results of unstiffened and stiffened bottoms.
2.20 20 59.85 2.74 2750 2.10 23.42 Fig. 21b displays the volume fraction of water on the bottom of the
25 45.83 1.64 2139.5  1.32 19.79 wedge at t = 0.0075, 0.01 and 0.0225s. According to the findings, the
30 36.66 106 1826 095 10.31 deadrise angle and structural deformation affect the pressure coefficient
3.00 20 108.49 2.65 4702.5 1.98 25.12 " . P . .
P 85.08 Te2 4059 129 20.48 profile, with a small angle resulting in a profile with a sharper peak and a
30 68.29  1.05 34705  0.93 11.54 greater amplitude. However, because of the three-dimensional effect in
3.55 20 148.32  2.59 6380 1.92 25.97 way of the two ends of the wedge structure, in some instants, the pres-
25 117.41  1.60 5555 1.26 21.14 sure coefficient with a 25-degree deadrise angle is larger than that with a
30 95.05 1.05 5043.5 0.91 12.93

20-degree deadrise angle (e.g. 0.5L). Furthermore, Table 5 presents the
4.00 20 192.49  2.58 8360 1.87 27.61 . . - 2
25 14366 150 6490 113 24.70 maximum slamming pressure coefficients (Cpmax = Pmax/0.5pVi) at
30 12319  1.04 6325 0.89 14.43 various deadrise angles for both stiffened and unstiffened bottom plates.
This table lists the variations between the numerical results and the
asymptotic solution.
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To evaluate the three-dimensional effects on the slamming loads, the
maximum value of impact loads on 2D and 3D wedges are numerically
calculated and presented in Table 6. The results are compared using a
non-dimensional maximum force coefficient Cgpax, Which is calculated
as Cpmax = Fmax/0.5pVZLtanp, where Fpy is the maximum value of the
slamming force, p is the deadrise angle, p is the density of the water, L is
the horizontal dimension of the wedge section, and Vj is the impact
velocity. As expected, the value of Cpmayx decreases for both 2D and 3D
models as the initial impact velocity increases. Depending on the impact
velocity and deadrise angle, the maximum slamming force predictions
from 3D calculations are between 10.31% and 27.61% lower than those
from 2D models, where ACpmax= (Crmax 2D~ Crmax 30)/Crmax 2p. In
addition, the results demonstrate that as the impact velocities increase,
the differences in the maximum force coefficient between the 2D and 3D
models become more significant.

5. Conclusions

This paper assessed and compared impact induced loads from two
different numerical models acting on a complex three-dimensional V-
shaped structure. Hydroelastic slamming was simulated on a wedge with
a 4 mm bottom plate thickness and a stiffened panel free-falling at
different vertical velocities. The numerical FFSI models were validated
by direct comparison with the experimental data presented in Part I of of
this two-part companion paper. An explicit nonlinear LS-DYNA FEA
method incorporating a MMALE solver was employed to design the
numerical FSI model in LS-DYNA. In addition, the instantaneous inter-
action between fluid and structure of the described water entry problem
was modelled by utilizing a strongly two-way coupling technique in CFD
and FEA solvers. The coupling between the FVM and FEM solvers was
achieved by STAR-CCM+ and ABAQUS commercial solvers. Following
comparison with experimental results, it was concluded that the nu-
merical models properly predict kinematics, slamming pressures, and
structural responses. Notwithstanding this, there are some discrepancies
in the maximum values of pressure and strain responses for the sensors
located close to the chine.

The influence of three-dimensionality, impact velocity, deadrise
angle, and structural rigidity on vertical acceleration, slamming pres-
sure, and strain responses were examined in further. It was demon-
strated that the slight discrepancy in the maximum value of pressure and
strain predicted by numerical methods appears because of the different
coupling techniques that were applied in the FFSI simulations. The
MMALE method is highly dependent on free surface contact forces,
penalty coupling algorithm, and damping factors. Numerical results
accounting for the influence of turbulent flow dynamics are in better
agreement with experiments. Nevertheless, the viscosity effect on the

Appendix A. Comparison of experimental and numerical results

Ocean Engineering 279 (2023) 114309

pressure distribution and structural responses is almost negligible.

The magnitude of the bottom plate deflection increases as the impact
velocity increases, hence making coupled FFSI assessment essential. The
structural deformation on the bottom of the wedge affects the hydro-
dynamic loads during slamming. The dynamic loads change in a short
period of time and propagate through hydrodynamic pressure and
elastic vibrations. Therefore, the fluid flow could be influenced differ-
ently in accordance with the magnitude of the structural response.

The results imply that the slamming loads are influenced by the
three-dimensional effects. The maximum slamming force coefficients of
2D and 3D wedges were compared in the study, and it was discovered
that the 3D model predicted lower values than the 2D model. In com-
parison to the 2D simulations, the 3D calculations on the maximum
slamming force coefficient are around 10%-14% lower for the wedge
with a deadrise angle of 30° and around 23%-27% lower for the wedge
with a deadrise angle of 20°.
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Table A1l
Comparison of maximum acceleration calculated by two numerical models with experimental data, and the corresponding percentage error (|E|,,) at different impact
velocities.
Maximum Acceleration (g) |Elq,
Vi (m/s) Deadrise (deg.) EFD MMALE CFD/FEM MMALE CFD/FEM
2.20 20 4.93 5.10 4.99 3.33 1.18
25 3.84 3.97 4.10 3.21 6.72
30 3.34 3.38 3.53 1.31 5.51
3.00 20 8.01 8.41 8.77 4.95 9.39
25 7.15 7.42 7.68 3.76 7.38
30 5.94 6.23 6.48 4.84 9.05
3.55 20 10.86 11.52 11.90 6.04 9.55
25 9.44 9.88 10.01 4.75 6.04
30 8.13 8.77 8.73 7.46 7.32
4.00 20 14.08 15.29 15.40 8.61 9.42
25 11.67 12.03 12.23 3.10 4.85
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Table A1 (continued)
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Maximum Acceleration (g) |Elq,
Vi (m/s) Deadrise (deg.) EFD MMALE CFD/FEM MMALE CFD/FEM
30 10.19 11.11 10.81 9.08 6.08
Average |E|,, 5.04 6.87

Table A2

Comparison of maximum pressure computed from two numerical models with experimental data, and the corresponding percentage error (|E|,,) at 4.00 [m/s] impact

velocity on unstiffened (U) and stiffened (S) bottom plates.

Unstiffened Plate

Stiffened Plate

Peak Pressure (kPa) |Ely, Peak Pressure (kPa) |Elo,

Vi (m/s) Sensor No. EFD MMALE CFD/FEM MMALE CFD/FEM Sensor No. EFD MMALE CFD/FEM MMALE CFD/FEM

4.00 Ply 52.43 47.73 53.24 8.96 1.55 Plg 61.93 58.38 56.46 5.73 8.83
P2y 25.97 27.51 23.90 5.95 7.96 P2 35.30 37.96 33.51 7.52 5.09
P3y 9.49 10.45 8.83 10.11 7.02 P3g 11.33 12.34 10.54 8.94 6.97
P4y 3.83 4.28 3.56 11.80 6.95 P4g 5.92 6.30 5.33 6.43 9.93
P5y 64.37 66.15 62.75 2.76 2.52 P5g 69.31 72.15 67.15 4.10 3.11
P6y 28.90 32.27 31.46 11.66 8.87 P6g 42.27 43.44 42.98 2.77 1.68
P7y 11.51 12.90 10.95 12.07 4.84 P7s 15.40 15.02 14.15 2.41 8.07
P8y 6.90 6.65 6.54 3.76 5.29 P8g 8.16 7.86 7.45 3.68 8.70

Average |E|,, 8.38 5.63 5.20 6.55

Table A3

Comparison of maximum strain on transverse direction computed by two numerical models with experimental data, and the corresponding percentage error (|E|,,) at

4.00 [m/s] impact velocity on unstiffened (U) and stiffened (S) bottom plates.

Unstiffened Plate

Stiffened Plate

Maximum Strain (mm/m) |Ely, Maximum Strain (mm/m) \E\%

Vi (m/s) Sensor No. EFD MMALE CFD/FEM MMALE CFD/FEM Sensor No. EFD MMALE CFD/FEM MMALE CFD/FEM

4.00 S2Ty 281.21 235.41 253.05 16.29 10.01 S2Ts 206.41 214.90 200.59 4.11 2.82
S3Ty 156.81 139.09 171.55 11.30 9.40 S3Ts 109.72 94.63 111.21 13.76 1.36
S5Ty 248.75 227.66 245.13 8.48 1.46 S5Ts 75.59 67.06 74.09 11.29 1.99
S6Ty 230.09 205.10 217.58 10.86 5.44 S6Ts 47.19 38.31 45.33 18.82 3.94
S8Ty 351.44 325.15 345.08 7.48 1.81 S8Ts 275.85 268.39 287.87 2.70 4.36
S9Ty 107.24 125.10 121.35 16.66 13.16 S9Tg 84.78 78.89 77.30 6.94 8.82

Average |E|,, 11.84 6.88 9.60 3.88

Table A4

Comparison of maximum strain on longitudinal direction computed by two numerical models with experimental data, and the corresponding percentage error (|E|,,) at

4.00 [m/s] impact velocity on unstiffened (U) and stiffened (S) bottom plates.

Unstiffened Plate Stiffened Plate
Maximum Strain (mm/m) |Ely, Maximum Strain (mm/m) |Elo,
Vi (m/s) Sensor No. EFD MMALE CFD/FEM MMALE CFD/FEM Sensor No. EFD MMALE CFD/FEM MMALE CFD/FEM
4.00 S1Ly 160.44 141.43 117.57 11.84 26.72 SlLg 33.54 34.29 35.35 2.24 5.41
S4Ly 163.23 152.22 126.93 6.75 22.24 S4Lg 25.60 30.39 29.80 18.71 16.38
S7Ly 66.31 78.07 55.16 17.74 16.82 S7Lg 50.67 59.65 49.22 17.73 2.86
S10Ly 191.32 152.92 167.47 20.07 12.47 S10Lg 84.30 67.33 74.86 20.12 11.20
Average |E|,, 14.10 19.56 14.70 8.96
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