
 
 

 

  



 
 

AN ABSTRACT OF THE DISSERTATION OF 

 

Ravi Challa for the degree of Doctor of Philosophy in Civil Engineering presented 

on December 5, 2014. 

 

Title: Hydrodynamic Contact/Impact Modeling and Application to Ocean 

Engineering Problems 

 

Abstract approved: 

 

 

 

Solomon C. Yim 

 

Abstract: 

Fluid-structure interaction (FSI) is a very interesting and challenging multi-

disciplinary field involving interaction of a movable or deformable structure with 

an internal or surrounding fluid flow. FSI has several practical engineering 

applications such as the determination of the hydrodynamic forces on a structure or 

the dynamics of motion of bodies on the water-free surface. A requirement for the 

solution of these class of contact and impact FSI problems need accurate model 

development and predictive assessment especially when complex structures are 

involved. 



 
 

Analysis of FSI problems is often difficult and therefore experimental 

investigations (or empirical laws) are performed by conducting experiments in a 

physical wave basin. These experiments though impendent with the real world 

scenario often are time-consuming and expensive. Importantly, it may not be 

economically viable to conduct parametric studies using experiments. 

Alternatively, numerical models when developed with similar capabilities will 

complement the experiments very well because of the lower costs and the ability to 

study phenomena that are not completely feasible in a physical laboratory. 

This dissertation systematically examines the contact and impact fluid-structure 

interaction numerical modeling procedure applied to various practical multi-

physics ocean engineering problems. The significant component of contact and 

impact FSI problems addressed in this research is divided into three categories. 

First, the experimental and numerical investigations for a rigid-body contact and 

impact (drop tests) is presented, and followed by numerical simulation and analysis 

of low and high-filled multi-physics sloshing phenomena in the LNG tank 

including air compressibility effect. Second, the performance of a finite-element 

method and a smoothed particle hydrodynamic method is evaluated by using a 

consistent numerical platform for the simulation of contact and impact of a fluid 

interacting with a flexible body. Finally, numerical simulation and analysis of a 

complex-body contact and impact (a fully pressurized surface effect ship (SES) 

bow finger seal motions) is investigated.  
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HYDRODYNAMIC CONTACT/IMPACT MODELING AND 

APPLICATION TO OCEAN ENGINEERING PROBLEMS 

 

1 GENERAL INTRODUCTION 

 

 

  

 

1.1 Introduction 

 

The term fluid-structure interaction (FSI) is a generic term that is often used to describe 

certain physical phenomena. FSI is a very interesting and challenging multi-disciplinary 

field involving interaction of a movable or deformable structure with an internal or 

surrounding fluid flow. A flexible solid structure contacting the fluid is subjected to a 

pressure which causes deformation in the structure. In return, the deformed structure alters 

the flow field by exerting pressure on the structure. FSI plays a pivotal role in many 

different types of real-world situations and practical engineering applications involving 

large structural deformation and material or geometric nonlinearities. 

FSI has many practical engineering applications such as the determination of the 

hydrodynamic forces on a structure or the motion of flexible bodies on the water-free 

surface which form an intrinsic component of any typical contact and impact FSI system. 

Analysis of FSI problems is often very difficult and therefore experimental investigations 

(or empirical laws) are performed by conducting experiments in a physical wave basin. 

These experiments though close to real world scenario often are time-consuming and 

expensive. Importantly, it is not economically viable to conduct parametric studies using 

experiments. Alternatively, numerical models when developed with similar capabilities 
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will complement the experiments very well because of the lower costs and the ability to 

study phenomena that are not completely feasible in a physical laboratory. 

Performing numerical simulations involving fluid dynamics is computational-intensive and 

the complexity is magnified by the presence of the flexible structure(s) in the fluid domain. 

The models are also required to address large-scale domains such as a numerical water 

channel in order to be suitable to practical problems which demands access to high-

performance computing (HPC). 

This dissertation is aimed at systematically examining the contact and impact FSI 

numerical modeling procedure applied to various practical multi-physics ocean 

engineering problems. The capabilities of the code and limitations of different numerical 

methods used are presented in the following chapters. This dissertation is also aimed at 

presenting a consistent computational platform which provides an accurate predictive 

capability of the numerical code to more detailed and complex models involving flexible 

structures in a fluid domain. 

To this end, numerical simulations were performed to study: (A) rigid body contact and 

impact (drop tests and fluid sloshing in a LNG tank), (B) flexible body contact and impact 

(elastic plate deformation), and (C) complex flexible body contact and impact (bow finger 

seal motions of a surface effect ship). A detailed review of the literature is presented in the 

following chapters and a list of references is provided in the bibliography section at the end 

of the dissertation. 
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1.2 Objectives  

 

The objectives of the present work involving the numerical modeling and simulations of 

practical multi-physics ocean engineering problems are manifold. 

-Rigid body contact and impact 

-Study the dynamics of a water landing object (WLO) impacting the water surface by: 

 Developing a semi-approximate equivalent-radius analytical procedure based on 

the von-Karman and Wagner closed form solutions and calibrate with experimental 

results 

 Numerical modeling and simulation of the impact phenomena using a finite element 

based arbitrary Lagrangian-Eulerian (ALE) formulation and a smoothed particle 

hydrodynamics (SPH) method and compare the results for maximum impact 

acceleration and maximum impact pressure with experimental data 

 Conducting performance studies of ALE and SPH in the numerical modeling and 

simulation of the impact scenario 

-Investigate the physics of Multi-phase physics of fluid sloshing phenomena by: 

 Verification and validation of the finite element based ALE formulation in 

modeling a multi-physics problem in terms of the dynamics of the flow in a LNG 

tank 

 Estimate and compare the maximum impact pressure on the sloshing tank with 

experimental test data with careful examination of the physics of the wave breaking 

and impact process 
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 Performing a sensitivity study on the effect of air compressibility on the estimation 

of maximum impact pressure for different fluid-filled sloshing situations 

-Flexible body contact and impact 

-Study the dynamics of a WLO impacting the water surface by: 

 Providing a consistent computational platform for comparison and evaluation of 

the two numerical methods 

 Examining the accuracy and efficiency of each solver independently in capturing 

the evolution of the water-free surface profiles and the elastic gate deformations 

 Ascertaining the predictive capability of ALE and SPH methods in modeling the 

contact and impact dynamics of a flexible body-fluid interaction 

-Complex flexible body contact and impact  

-Numerical Modeling and simulation of a surface effect ship bow finger seal motions by: 

 Providing a brief insight into the concept of a pressurized air cushion with an 

experiment conducted on a free-running surface effect ship (SES)  at Oregon State 

University 

 Implementing the numerical formulation and procedure to model the interaction 

between bow finger seals and the water free-surface 

 Calculating the maximum bow finger seal deflections of a scale-model of a free-

running SES with a fully pressurized air cushion with numerical modeling and 

simulations 
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1.3 Scientific contributions of the dissertation 

 

The scientific contributions of this dissertation are documented in the form of two journal 

papers and three manuscripts (which are in the process of being submitted to journals and 

conferences). As such, these chapters may be read in sequence or independently. However, 

in the perspective of a dissertation, these chapters are organized in a logical fashion based 

on the objectives and the scope mentioned above. Some introductory parts and numerical 

formulations have common elements in all the numerical based manuscripts so as to 

provide a common theme and reach a wider audience.  

Chapter-1 (Journal Paper) deals with the experimental investigations and analytical 

estimates involving drop tests with the scaled model of a WLO. The peak accelerations and 

peak pressures coming on the WLO are presented and an approximate equivalent radius 

approach is presented. 

Chapter-2 (Journal Paper) focuses on a numerical study on the dynamic response of a 

generic rigid WLO during water impact. The predictive capability of the explicit finite-

element ALE and SPH methods are evaluated. The numerical predictions are first validated 

with experimental data for maximum impact accelerations and then used to supplement 

experimental drop tests.  

Chapter-3 (Manuscript) investigates the contact and impact pressures in the case of 

different fluid-filled sloshing situations. An arbitrary Lagrangian-Eulerian (ALE) 

formulation solved by the finite element method is used to simulate the fluid sloshing in a 

LNG tank. The effect of air compressibility on the estimation of maximum impact pressure 

for different fluid-filled sloshing conditions is presented. 
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Chapter-4 (Manuscript) focuses on the predictive capability of two different numerical 

methods (ALE and SPH) in modeling a flexible structure-fluid interaction which involves 

the deformation of a plate subjected to time-dependent water pressure. A comparison and 

the performance of the two numerical methods is presented under a consistent 

computational platform. 

Chapter-5 (Manuscript) examines the bow finger seal motions on a scale-model of a free-

running surface effect ship (SES) with a fully pressurized air cushion using numerical 

modeling and simulations. A systematic approach in modeling the interactions of the 

various components of the SES such as forward speed, air cushion pressure and the 

interaction of the bow and stern seals with water free-surface are presented. Numerical 

simulation results for the maximum bow finger seal deflections are compared with 

experimental test data. 

Chapter-6 manifests conclusions of this research. 

The appendices provide a summary of the literature survey which is used in writing the 

manuscripts. A brief description of the moment of inertia calculations for the generic rigid 

body used for the drop tests is also shown. A brief introduction to the concept of surface 

effect ships and under laying physics is presented. This is followed by a detailed description 

of the finite element membrane formulations used in the SES bow seal analysis is 

presented. Details of the ALE modeling guidelines for modeling any quintessential FSI 

problems are presented. These ALE modeling guidelines are of interest to practicing 

engineers, numerical modelers, analysts and designers who wish to reproduce the test cases 

and also appreciate the complexity of successfully simulating challenging ocean 

engineering problems. 
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The author attempted to provide a balanced presentation of the experimental investigations, 

numerical methods and modeling techniques by combining both visual and graphical 

presentations. Therefore, it is hoped that this work will be of interest to not only the esoteric 

readers but also to those who are interested in applying these numerical methods to 

challenging practical ocean engineering problems. 
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2 RIGID-BODY WATER-SURFACE IMPACT DYNAMICS: 

EXPERIMENT AND SEMI-ANALYTICAL APPROXIMATION 

 

 

2.1 Abstract 

 

An experimental study of the dynamics of a generic rigid body during water impact and an 

equivalent-radius approximate analytical procedure is developed and calibrated in this 

study. The experimental tests in a wave basin covered a range of drop heights using a 1/6th-

scale model of a practical water-landing object prototype for two drop-mechanisms to 

determine the water impact and contact effects. The first mechanism involved a rope and 

pulley arrangement while the second mechanism employed an electromagnetic release to 

drop the rigid body. Hydrodynamic parameters including peak acceleration and touchdown 

pressure were measured and the maximum impact/contact force was estimated for various 

entry speeds (corresponding to various drop heights) and weights of the rigid body. Results 

from the tests show that the impact acceleration and touchdown pressure increases 

approximately linearly with increasing drop height and the data provides conditions that 

keep impact accelerations under specified limits for the rigid-body prototype. The 

experimentally measured maximum accelerations were compared with classical von 

Karman and Wagner approximate closed-form solutions. In this study, an improved 

approximate solution procedure using an equivalent radius concept integrating 

experimental results with the von Karman and Wagner closed-form solutions is proposed 

and developed in detail. The resulting semi-analytical estimates are calibrated against 

experimental results and found to provide close matching. 
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2.2 Introduction 

 

The study of hydrodynamic impact of a moving body on a water free-surface finds variety 

of applications in the aerospace and ocean engineering fields. The present study is 

concerned with rigid-body/water-surface impact dynamics of a water-landing object 

(WLO) in an open ocean using a series of drop tests in a wave basin to assess the maximum 

force and resulting accelerations. The effect of this impact is prominent in the design phase 

of the WLO project in determining the maximum design force for material strength 

determination to ensure structural and equipment integrity and human safety. 

Prototype data has been provided by the Indian Space Research Organization (ISRO) to 

facilitate the making of a physical model of WLO. The prototype used for the Indian space 

mission is unique in a way that it is conical with a rounded nose (which impacts the water 

surface first) than compared to the convex shape of the base used for Apollo Command 

Module (ACM) for the American space missions. This difference precludes meaningful 

comparison with existing literature available for ACM. 

Studies on impact phenomena based on the theoretical and experimental work by von 

Karman (1929) resulted in equations for the impact of rigid bodies on a fluid assuming that 

the reaction of water was solely due to its inertia. The accelerations and pressures affecting 

the rigid body were estimated using an approximate expression for the added mass due to 

the presence of the water. Baker and Westine (1967) conducted experimental investigations 

on a 1/4th scaled model of the Apollo Command Module (ACM) to study the structural 

response to water impact in both the elastic and failure-initiation regimes. Data from the 

model tests were compared with results of full-scale experiments. Kaplan (1968) examined 

the specific problem of the ACM impacting water. Their theory and experiments showed 
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that the peak acceleration was proportional to the square of the impact velocity and the 

results correlated well with the full-scale ACM impact tests. Miloh (1991) obtained 

analytical expressions for the small-time slamming coefficient and wetting factor of a rigid 

spherical shape in a vertical water entry using experimental data from the ACM tests. A 

semi-Wagner approach was proposed and then used to compute the wetting factor and the 

Lagrange equations were employed in order to determine the slamming force from the 

kinetic energy of the fluid. Good agreement between theoretical model and experimental 

measurements, both for the early-stage impact force and the free-surface rise at the vicinity 

of the sphere, was observed. Brooks and Anderson (1994) investigated the dynamic 

response of water-landing space module (WLSM) during impact upon water. A 1/5th-scale 

model was tested in a three-dimensional (3-D) basin at the Oregon State University Wave 

Research Laboratory and the results were compared with those obtained using analytical 

techniques and computer simulations. The 3-D FE model was validated by comparison 

with previous full-scale test data and theory. Zhao et al (1996) studied the slamming loads 

on two-dimensional sections using two different theoretical models. One of the methods is 

a fully nonlinear numerical simulation that includes flow separation and the other method 

is an extension of Wagner’s solution which does not include the flow separation. Faltinsen 

(1997) studied the theoretical methods for water entry of two-dimensional and 

axisymmetric bodies. A numerical method was developed and compared against 

asymptotic methods and validated by experiments for cone and sphere shaped rigid bodies. 

The significance of the effect of local rise up of the water during entry was identified. 

Faltinsen (1999) studied the relative importance of hydroelasticity for an elastic hull with 

wedge-shaped cross sections penetrating an initially calm water surface. Wagner’s theory 
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was generalized to include elastic vibrations. The importance of hydroelasticity for the 

local slamming-induced maximum stresses increases with decreasing deadrise angle 

and increasing impact velocity V . Fair agreement between theory and experiments was 

documented. Scolan and Korobkin (2001) considered the 3-D problem of a blunt-body 

impact onto the free surface of an ideal incompressible liquid based on Wagner’s theory. 

Scolan and Korobkin (2003) performed hydroelastic slamming analysis of a 3-D cone 

using Wagner’s approach. The results from their work shows significant influence of the 

elasticity compared with the rigid case. Seddon and Moatamedi (2006) reviewed the work 

undertaken in the field of water entry between 1929 and 2003, providing a summary of the 

major theoretical, experimental and numerical accomplishments in the field. The three-

dimensional nonlinear theory of water impact was solved by Korobkin (2005) using the 

modified Logvinovich model, which is slightly more complex than the Wagner’s method 

used in this study. 

The physical interpretation of the problem developed by von Karman formed a basis of 

most of subsequent works. However, there is scanty work done on different shaped WLO 

impacting water surface. The existing experimental data is confined to a convex shaped 

rigid body impacting water against the much tested concave shaped rigid body (with large 

base) impacting water surface (US reentry missions). The objective of the WLO drop tests 

presented below is to study the dynamic response of a conical shaped WLO during water 

impact by performing drop test experiments using a scaled model with varying heights, 

measuring their maximum impact acceleration and touchdown pressure. A semi-analytical 

estimation procedure for maximum impact acceleration, based on the von-Karman and 

Wagner closed form solutions and an equivalent-radius approach, is developed and 
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calibrated with experimental results. The predictive capability of the semi-analytical 

estimation procedure is calibrated against experimental maximum acceleration results.  

 

2.3 Experimental investigation of rigid-body impact dynamics using drop tests  

 

The experimental investigation carried out in the present study on the rigid body (WLO) 

consists of drop tests from a range of heights. To simulate the dynamic response of the 

impact experiment for model testing, a 1/6th Froude scale model of the WLO [made of fiber 

reinforced polymer (FRP)] was used for the experimental drop tests. The overall 

configuration of the WLO prototype is shown in Figure 2.1. Specifications of the prototype 

and model including the scaling factor for each quantity are shown in Table 2.1. The WLO 

was fabricated as a conical shell with a rounded nose. Note that the conical portion (nose 

part of the rigid body) impacts the water surface. The origin is located at the deck of the 

WLO and the position of Zcg is measured from the flat base (Figure 2.1).  

 

Figure 2.1: Overall configuration of WLO Prototype (All dimensions are in mm) 

 

Zcg (0,0,890.15) 

W L 
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Two independent sets of drop test are conducted in the experiment. Drop test I involved 

dropping the rigid body using a rope and pulley arrangement, while Drop Test II employed 

an electromagnetic release to drop the model. Both sets of experiments provide valuable 

and complementary experimental data (for different weight distribution ratios) for 

numerical model calibration. 

The horizontal component of velocity was found to have a very little effect on the 

accelerations in the vertical (Z) direction in both drop tests the experimental investigations 

have been confined to vertical drop tests only. Hence, no effort was made to measure the 

horizontal component of velocity or the effects of varying the entry angle. (For information 

on the effect of horizontal speed of the entering body, see Scolan et al. (2012).) 
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2.3.1 Drop test I 

 

The first set of drop tests was performed recently in the wave basin (30m x 30m in plan 

and 3m deep) at the Department of Ocean Engineering at IIT-Madras under calm water 

conditions. Given the maximum clearance of the laboratory, the achievable maximum 

velocity of impact was estimated to be about 9.81m/s. This impact velocity was achieved 

by dropping the model from an overhead crane with a drop height of 5m above the water 

surface. The drop tests were carried out over a range at 0.5m intervals. An important design 

parameter is the mass, which is selected as 2.03kg for the test model made of FRP. A skin 

thickness of 5mm was selected, with extra thickness at the nose (of about 10mm) to 

withstand the force of impact. The estimated values of the center of gravity and moment of 

inertia are given in Table 2.1 (Inertial properties of the WLO model are shown in Appendix 

A). The vertical acceleration of the model was measured on impact by using an 

accelerometer (HMB B12/2000), placed at the center of gravity (CG) of the model. The 

B12 series Hottinger-Baldwin accelerometers have a frequency response range of 0-

1,000Hz, with an advantage of withstanding impact accelerations up to  20 g . A 5-bar 

strain gauge-type pressure transducer (designed and fabricated specifically for the drop 

tests) is used to calculate the touchdown pressure during impact (mounted at the nose tip 

with a measuring area of 15mm ). The motivation behind the use of a diaphragm type 

strain gauge transducer was the ease of installation, good accuracy, stability, and good 

shock resistance. The pressure transducer was connected to an MGC amplifier with a full 

Wheatstones bridge having a sensitivity of 0.1mV/V. 
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Table 2.1: Specifications of prototype and model 

Property 

Full-scale 

prototype 

specifications 

Scale 

factors 

1

6

 

 
 

 

 

 

Values 

Model 

Specifications 

(1/6th –Froude scale) 

Mass of WLO 

(Drop Test I) 
432kg 

3  0.00462 
2.03kg 

Mass of WLO  

(Drop Test II) 
756kg 

3  0.00462 
3.5kg 

Maximum height of 

the space capsule 
1629.7mm 

  0.166 
271.61mm  

Maximum diameter 

of the space capsule 
2030.9mm 

  0.166 
338.48mm 

Xcg 0   0.166 0 

Ycg 0   0.166 0 

 Zcg 890.15mm   0.166 147.35mm 

Ixx 169.38kgm2 
5  0.0001286 0.02178kgm2 

Iyy 170.76kgm2 
5  0.0001286 0.02195kgm2 

Izz 109.44kgm2 
5  0.0001286 0.01407kgm2 

 

The accelerometer and the pressure transducer were connected to amplifiers and a PC based 

data acquisition system was employed to acquire the data. Both the sensors were accurately 

calibrated and found to be practically perfectly linear with curve-fitted conversion values 

of less than 0.5% error [For the accelerometer calibration, 1 Volt corresponds to 11.1g and 

for the pressure sensor, 1 Volt corresponds to 0.166 bar ( 50.166 10x Pa )]. 

Impact Test Results – The WLO was dropped, nose down, from various heights to 

determine the acceleration of the model during the impact and to measure the impact 

pressure at the nose. Ten seconds of data, with a sampling rate ranging from 1,000 Hz to 

5,000 Hz, were recorded for each drop test to assess the adequacy of sampling rate to 

capture the peak impact. For the PC based data acquisition, the peak values of acceleration 
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and pressure upon touchdown are found to be consistent after testing for various sampling 

frequencies. Sample time series for acceleration and pressure for a 5m drop with a sampling 

rate of 1 millisecond are shown in Figures 2.2 and 2.3 respectively. Three identical test 

runs were conducted for each drop height and the averaged values of the maximum impact 

acceleration and maximum impact pressures are presented and used in subsequent analysis. 

The absolute value of maximum impact acceleration upon impact is approximately 5.2g 

and the peak pressure upon impact is 26kPa. The pressure time history depicts that during 

free fall, the response remains flat ( 0 1.6sect  ) and during touchdown on water surface 

an impulse is recorded (1.6 1.8sect  ). The post impact pressure scenario clearly shows 

that the model bounces (with its nose up) after impact (1.8 2sect  ) and subsequently 

comes to a static equilibrium with a practically constant submerged pressure ( 2 4sect 

).  

 

 

Figure 2.2: Measured data of a 5m drop test: Acceleration time history of a sample 

test case 
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Figure 2.3: Measured data of a 5m drop test: Pressure time history of a sample test 

case 

 

The details of the pressure distribution during the structural inertia phase are not important 

as the peak impact pressures are stochastic in nature (Faltinsen 2005). Owing to the highly 

stochastic nature of the peak pressure estimates on the rigid body, each drop test was 

repeated thrice and the maximum impact pressure reported in Table 2.2 is the mean value 

of the three drop test cases. The variation of peak acceleration and impact pressure values 

derived using different sampling rates (Figure 2.4) demonstrate that the peak values 

remained consistent (within ±0.8%) for a PC based data acquisition for several trials of 

drop tests. Figure 2.5 depicts the consistency of the peak acceleration and pressure (within 

±1.0%) for higher sampling frequencies using an oscilloscope capture (0.01ms to 1.0s). 

The percentage change to show the consistency of the measured acceleration ( a ) and 

pressure ( p ) peaks are calculated by using the formulas ( 100mean measured
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100mean measured

measured

p p
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tests was impractical, all further tests used only PC based data acquisition to report the 

peak accelerations and peak pressures upon impact.  

            

Figure 2.4: Consistency of measured peak acceleration and peak pressure vs. 

sampling rate (PC based data acquisition) 

 

 

 

 

Figure 2.5: Consistency of measured peak acceleration and peak pressure vs. 

sampling rate (Oscilloscope Capture) 
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Table 2.2 gives the values of peak pressure, peak acceleration and the estimated force 

acting on the WLO for drop heights ranging from 1m to 5m with an increment of 0.5m 

(comprising of average values of three runs for each drop height). The peak value of 

acceleration for a 5m drop height is 52.17m/s2 and the peak touchdown pressure is 26KPa. 

The total force experienced by the model was obtained using the (dry) model mass 

multiplied by the measured acceleration (105.9N for a 5m drop height). While the 

theoretical velocity was obtained using the height of drop and a g-value of 9.81m/s2 (by 

using the kinematic equation of motion), the experimental velocity was obtained by 

integrating the measured acceleration time history. 

Table 2.2: Results of Drop Test I [Weight of WLO = 2.03kg (Drop Test I: Ordinary 

Drop Mechanism)] (Vertical Entry/Entry Angle=0 deg) 

 

Drop 

Height 

(m) 

Acceleration 

(m/s2) 

Pressure 

(kPa) 

Force    

(mass x accl.) 

(N) 

 

Theoretical 

Velocity 

(m/s) 

Experimental 

Velocity 

(m/s) 

5.0 52.17 26 105.90 9.81 9.79 

4.5 48.32 23 98.08 9.39 9.27 

4.0 45.18 22 91.72 8.85 8.61 

3.5 38.76 19 78.69 8.28 8.26 

3.0 37.78 18 76.70 7.67 7.55 

2.5 33.53 16 68.08 7.00 6.87 

2.0 30.27 15 61.45 6.26 6.20 

1.5 22.86 13 46.42 5.42 5.31 

1.0 11.65 12 23.65 4.42 4.39 
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The experimental velocity obtained by integration of the acceleration time history appears 

to be accurate and in agreement with the observed data. Both theory and experiments 

showed that the peak acceleration was proportional to the square of the impact velocity. 

There is a practically linear fit between the force and the square of velocity for various drop 

heights (Kaplan 1968) [Figure 2.8]. Comparison of drop heights to theoretical and 

experimental velocities showed a very good comparison between both the theoretical and 

experimental velocities ascertaining the accuracy of the maximum impact accelerations 

measured experimentally. 

Observations also reveal that the touchdown pressures increase practically linearly with the 

increase in the height of the drop. This linear increase can be attributed to the fact that the 

experimental results for the maximum impact pressure for each drop height (Table 2.2) 

correctly depict what was observed experimentally. The relative importance of 

hydroelasticity (for small deadrise angles) for an elastic hull with wedge shaped cross 

sections (Faltinsen 1997 and 1999) shows that the impact pressure is practically 

proportional to the square of the velocity which is well supported by the drop test results 

(Figure 9). 

 

2.3.2 Drop test II 

 

Upon completion of the first set of drop tests presented above, it was decided that a second 

set of tests with different mass distribution and total weight was warranted. To avoid 

imprecision in initial condition of the release of the model induced by manual handling 

(observed during the drop test I) and to achieve better control on the point of release, an 

electromagnetic release mechanism was designed and implemented. A custom designed 
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measuring mechanism on board the WLO enabled the automatic transfer of data in real 

time to a host computer by means of thin wires. The electronic mechanism along with the 

steel plate (2mm thick) was glued to the top of the model, leading to an increase of weight 

to 3.5kg. Note that the center of gravity of the WLO for Drop Test II is different from the 

first experimental test case.  

A steel frame (fabricated in the form of a ladder) was installed on the bridge of the wave 

basin to hold the electromagnet in position over the water surface. A movable strut was 

fixed to the steel frame in order to drop the model from every 0.5m height. The 

electromagnet was bolted at one end of the strut which would hold the model in position. 

A switch mechanism, provided on the outer surface of the cap of WLO, activated the data 

recording just before actuating the release. An up-close view of the setup for Drop Test II 

is show in Figure 2.6(a). 

 

        

Figure 2.6: Electromagnet with protruding strut (a) Up-close view of the setup for 

Drop Test II (b) WLO touchdown with water surface 

 

Pressure and acceleration measurements were obtained using built-in amplifiers connected 

to a computer through a RS485 link. A single axis MEMS-based accelerometer was used 

to measure the acceleration and a 5-bar strain gauge-type pressure transducer (mounted at 
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the nose tip) measured the touchdown pressure during impact. The accelerometer and the 

pressure transducer were connected to amplifiers and a PC based data acquisition system 

was employed to acquire the data in real time. The WLO was dropped using the 

electromagnetic release from the frame fixed to the bridge. The WLO touchdown with the 

water surface is shown in Figure 2.6(b). The model was tested initially for a 0.5m drop and 

then the height was gradually increased to 5m in steps of 0.5m. The release switch was 

activated once the model was held to the electromagnet and the acceleration and the 

pressure data were recorded during the descent. The acceleration and pressure time 

histories for the single case of a 5m drop, after analysis in the host computer, are shown in 

Figures 2.7(a) and 2.7(b).   

 

 

(a) Acceleration time history 
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(b) Pressure time history 

 

Figure 2.7: Measured electromagnetic release data of a 5m drop test 

 

 

Table 2.3 gives the values of peak pressure, peak acceleration and the estimated force 

acting on the WLO for drop heights ranging from 1m to 5m at an increment of 0.5m. Note 

that the peak value of acceleration for a 5.0m drop height is 36.5m/s2 and the touchdown 

pressure is 41KPa. The force experienced by the model was obtained using the model mass 

and measured acceleration (127.7N for a 5m drop height). While the theoretical velocity 

was obtained based on drop height and a g-value of 9.81m/s2, the experimental velocity in 

the last column was obtained by integrating the measured acceleration time history. As 

observed in the first drop test, both the peak acceleration and touchdown pressure increases 

linearly with the increase in the height of drop. As observed in Drop Test I, the variation 

of impact force and the square of the impact velocity, for Drop Test II, exhibits a practically 

linear behavior for various drop heights, confirming the results of Kaplan (1968) [Figure 

2.8]. The accuracy of the experimental measurements was ascertained by the very good 
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comparison between the theoretical and experimental velocities for various drop heights 

shown in Table 2.3.  

 

Table 2.3: Results for Drop Test II [Weight of WLO = 3.5kg (Drop Test II 

Electromagnetic Release)] (Vertical Entry/Entry Angle=0 deg) 

 

Drop 

Height 

(m) 

Acceleration 

(m/s2) 

Pressure 

(kPa) 

Force 

(mass x acc) 

(N) 

Theoretical 

Velocity 

(m/s) 

Experimental 

Velocity 

(m/s) 

5.0 36.50 41 127.72 9.81 9.72 

4.5 31.72 38 111.02 9.39 9.30 

4.0 27.32 32 95.62 8.85 8.81 

3.5 22.82 29 79.87 8.28 8.19 

3.0 19.55 25 68.42 7.67 7.54 

2.5 15.32 21 53.62 7.00 6.97 

2.0 12.12 19 42.35 6.26 6.22 

1.5 10.72 18 37.52 5.42 5.35 

1.0 9.92 15 20.22 4.42 4.42 

 

Note that the maximum force vs. the square of the impact velocity (Figure 2.8) for Drop 

Test I shows deviation from a straight line behavior. This may be attributed to the lack of 

precise control of the initial point of release of the model, and small sample size (only 

three) to characterize the physical nature of the maximum acceleration and impact 

pressures. 

In order to understand the linear variation of maximum impact pressure for each drop 

height (for both the drop tests) a figure showing the variation of the maximum impact 

pressure and the square of the normalized velocity (normalized using the maximum 
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velocity of impact) are plotted (Figure 2.9). The figure depicts a “practically” linear 

relationship which is in accordance with the fact that the pressure is directly proportional 

to the force acting on the rigid body. However, a closer look at the figure with respect to 

the actual physics of the impact phenomenon shows that there is a deviation from the linear 

trendline (first three data points) at low entry velocities (when 0v  ). This can be 

attributed to the fact that the body records a finite impact pressure at low impact velocities 

resulting in the deviation from the linear trendline shown in Figure 2.9.  

 

 

Figure 2.8: Maximum impact force vs. square of impact velocity (Drop Tests I & II) 
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Figure 2.9: Maximum impact pressure vs. square of normalized impact velocity 

(Drop Tests I & II) 
 

 

2.4 Approximate closed form solutions for maximum impact accelerations 

 

For a Water Landing Object (WLO) that has a spherical bottom and is assumed rigid, closed 

form solutions based on the von Karman and Wagner approaches are available for 

correlating with the results from the experimental analysis (Wang and Lyle 2007). Zhao et 

al (1996) developed a generalized Wagner model, within which only the boundary 

conditions on the liquid free surface are simplified (linearized BCs). The von Karman 

approach is based on conservation of momentum and uses an added mass. The penetration 

depth is determined without considering water splash-up. The Wagner approach uses a 

more rigorous fluid dynamic formulation and considers the effect of water splash-up on the 

impact force. The kinematic free surface condition was used to determine the intersection 
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kinematic free surface condition implies that the displaced fluid mass by the body is 

properly accounted for as rise up of the water. This is not true for a von Karman approach 

that does not account for the local rise up of the water. From the analytical solutions for a 

spherical bottom body impacting with water using the von Karman method, the magnitude 

of the virtual mass for a spherical bottom body is (Hirano and Miura, 1970) 

 
3 3
2 2

4
2

3
vm h R h 

                                                                                                        
(1) 

where 
vm is the virtual mass,   is the mass density of water, h  is the penetration depth, 

and R is the radius of the spherical bottom. The instantaneous velocity, V , of the center 

of gravity of the rigid body is 

1

0 1
m gdh

V V
dt W





 
   

 
                                                                                                  (2) 

where t  is time after impact, 
0V
 
is the initial velocity, g is the gravitational constant, and 

W is the weight of the rigid body. By substituting Eq. 1 into Eq. 2, and assuming 
h

R
<<1, 

the instantaneous velocity can be rewritten as  
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The overall acceleration, a , can be written as 
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Assuming 
h

R
<<1, the maximum acceleration can be found as 

2
23 3

0
max

256 4

243 3
vK

VgR
a

W R




  
    

     

                                                                                (5) 

where vK  stands for von-Karman in (5) and the time at which the maximum acceleration 

is achieved is given at 

2

3

max 3

0
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W R
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                                                                                            (6)  

and the penetration depth at 

2

3

max 3

1 3

8 4
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                                                                                                    (7)

 

In the von Karman approach, the rise of water due to the splash up is not considered. The 

effect of splash up was considered by Wagner and found to have significant effect on the 

impact force. Recently, Miloh (1991) used a semi-Wagner approach to determine the non-

dimensional slamming coefficient that is defined as 

2 2

0

2
s

h F
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R R V

 
 

 
                                                                                                            (8) 

where F is the impact force. Based on the analytical derivations, Miloh (1991) proposed 

that 

1 3

2 2

5.5 4.19 4.26s

h h h h
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                                                                      (9) 
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is suitable for initial stage slamming. Note the coefficients in equation (9) are determined 

from a set of experimental data from the ACM tests. Based on these analytical derivations 

the maximum acceleration can be estimated as 

2 2max
max 0

2
W s

hg
a C R V

W R


 
  

                                                                                     (10) 

where W  stands for Wagner in (10). 

Table 4 shows the comparison of the experimental results with analytical solutions. The 

maximum z -accelerations for a vertical entry for both the drop mechanisms is compared 

to the closed form solutions based on von Karman and Wagner approaches. 

The equivalent radius is a representative or nominal radius of WLO that yields the 

accelerations comparable to the maximum impact accelerations obtained experimentally 

with the conical shaped WLO. From the analytical solutions for a spherical bottom body 

impacting with water surface, for the von-Karman method, equation (5) is used to calculate 

the equivalent radius by computing max vKr  corresponding the maximum impact 

acceleration max vKa   and is given by 
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                                                                                     (11) 

and correspondingly for the Wagner method, equation (10) can be used to calculate the 

equivalent radius by computing the value of max Wr  corresponding the maximum impact 

acceleration max Wa  and is given by 

max
max 2

0 max

2 W
W

s
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r R

g V C h 


                                                                                                 (12) 
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Values of the ‘equivalent radius” of the WLO conical portion is also shown in Table 2.4. 

A detailed description of the equivalent radius approximate semi-analytical procedure is 

provided in the subsequent section.  

Table 2.4: Analytical solution results Von-Karman (1929) and Wagner (1932) 

approaches 

 

Water Landing 

Object (WLO) 

Drop Test Cases 

Cone radius: 

0.0848m 

Max. Radius: 

0.3385m 

Maximum 

acceleration  

(Experiments) 

g: acceleration 

due to gravity  

(
2

m

s
) 

Analytical Solutions 

for maximum 

accelerations  

Equivalent Radius 

(m) of WLO conical 

portion 

von 

Karman 

(Eq.5) 

max vKa 
 

Wagner 

(Eq. 10) 

max Wa 
 

von 

Karman 

max vKr 
 

Wagner 

 
max Wr 

 

 

Drop Test I: 

Ordinary drop 

mechanism 

 

5.2g 

 

14.7g 

 

19.8g 

 

0.0300m 

 

0.1075m 

 

Drop Test II: 

Electromagnetic 

release 

mechanism 

 

3.6g 

 

10.4g 

 

25.2g 

 

0.0293m 

 

0.1310m 

 

It is important to note that the maximum radius of the base (for a 1/6th Froude-scale model 

of a WLO) is 338.5mm and the radius of the conical portion impacting the water surface is 

84.8mm. For a WLO model with the dimensions shown in Table 2.1, the accelerations 

obtained from both von Karman and Wagner approaches for experimental Drop Test I are 

14.7g and 19.8g, respectively (see Table 2.4). Similarly, the maximum impact accelerations 

obtained from both the approaches for Drop Test II are 10.4g and 25.2g, respectively. 

Figures 2.10 and 2.11 show the normalized values of maximum impact accelerations 

plotted and normalized impact velocity for both the experimental cases and the 

corresponding analytical solutions. (Note that all the abscissae in the graphs have been 



32 
 

normalized using “ 2gh ”, which is the maximum velocity upon impact for both the drop 

tests).  

 

 

Figure 2.10: Maximum acceleration using von-Karman and Wagner solutions (Drop 

Test I) 

  

 

 

Figure 2.11: Maximum acceleration using von-Karman and Wagner solutions (Drop 

Test II) 
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For a conical bottomed rigid body, the analytical results show that there is large difference 

between the experimental peak impact accelerations and those obtained by von Karman 

and Wagner analytical estimates. The large difference can be attributed to the conical shape 

of WLO bottom impacting the water surface compared to the large spherical bottom used 

in deriving the closed form solutions. It can be deduced from Table 2.4 that for a conical 

bottomed rigid body (like the WLO), the experimental values of peak impact accelerations 

(for a 0-degree pitch), do not fit in the bounds on maximum impact accelerations calculated 

by both von Karman and Wagner approaches.  

In addition to the unique shape of the WLO (which is primarily responsible for the large 

deviation of the experimental impact accelerations from the closed form solutions) the 

basic assumptions of the formulations for both von Karman and Wagner approaches also 

play a pivotal role in contributing to the large difference. Also, the continuously varying 

deadrise angle for WLO convex shaped rigid body impacting water significantly influences 

the maximum impact acceleration of the experimental results compared to the closed form 

solutions provided by von Karman and Wagner for constant small deadrise angles. The von 

Karman approach is based on conservation of momentum (using an added mass) and the 

penetration depth is determined without considering water splash-up, thus neglecting the 

highly nonlinear coupled fluid-structure interaction effect. The Wagner approach, on the 

other hand, attempts to relax the von Karman no-splashing assumption by using a rigorous 

dynamic formulation and incorporates the effect of the upward splashing of the water and 

its effects on the motion of the rigid body. With the upward splashing correction, the 

Wagner approach tends to over predict the maximum impact retardation as it neglects 

nonlinear effects near the impact zone. 
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The lack of agreement in the peak acceleration obtained in the present experimental study 

with the closed form von Karman and Wagner approximate solutions is due to the large 

initial angle at impact and the relatively rapid changes in contact radius of the inverted cone 

shape of the WLO as it penetrates the water surface. These deviations from the idealized 

assumption may be taken into account using the concept of an equivalent radius. 

  

2.5 An equivalent radius approximate semi-analytical procedure 

 

In order to capture the proper modeling of the dynamics of the impact and to ascertain a 

true fluid behavior, an attempt was made to calculate an equivalent radius of the conical 

portion of the WLO that would compare well with the experimental maximum impact 

accelerations [equations (11) and (12)]. Figure 2.12 shows a representative equivalent 

radius of a conical shaped WLO model using von Karman/Wagner approaches (with values 

summarized in the right most column of Table 2.4). 
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Figure 2.12: Equivalent radius of the WLO model 

From the von Karman approach the equivalent radius for Drop Tests I and II are 30mm 

and 29.3mm, respectively. It can be observed that the von Karman approach tends to 

estimate a lower value of the radius of the conical portion. As the effect of local rise up of 

the water is significant during water entry of a rigid 3D rigid body, the von Karman 

predictions for maximum impact accelerations are not significant in determining the 

maximum impact accelerations for the water entry of WLO. The Wagner approach on the 

other hand estimates the equivalent radius for Drop Test I and Drop Test II as 107.5mm 

and 131mm, respectively. Based on the equivalent radius approach, approximate semi-

analytical solutions based on the von Karman and Wagner theories can be used to obtain 

design maximum accelerations of the WLO model consistent with experimental results. In 

order to further comprehend the effect of the shape of the rigid body (especially the conical 

portion of the WLO impacting the water surface first), the values of equivalent radius (r) 

are plotted against different normalized velocities of impact for both Drop Test I and II 
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(Figures 2.13). The equivalent radius (r) was initially obtained for each drop velocity for 

both the experimental cases. The idea is to obtain those values of the radii which would 

give the same experimental impact accelerations corresponding to the impact velocities. 

Observe that from Figure 2.13 the values of equivalent radius (r) of the WLO model remain 

almost constant for different velocities of impact for both cases. 

The next step is to compare the accelerations obtained experimentally (Drop Test I and II) 

to those obtained by using a mean equivalent radius (r*). The values of r* were obtained 

by taking the mean of all the equivalent radii obtained for different impact velocities 

corresponding to their respective impact accelerations. For each r* obtained for each case, 

the impact accelerations were calculated by varying the impact velocity. Figures 2.14 and 

2.15 show the comparison for the maximum impact accelerations and those obtained by 

the mean equivalent radius (r*) for Drop Test I and II respectively. 

  

 
 

Figure 2.13: Equivalent radius (r) of the WLO for different normalized velocities of 

impact for Drop Test I and Drop Test II using von-Karman and Wagner 

approaches 
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Figure 2.14: Maximum impact accelerations calculated based on the mean 

equivalent radius (r*) of the WLO for different normalized velocities of impact for 

Drop Test I using von-Karman and Wagner approaches 
 

 
 

Figure 2.15: Maximum impact accelerations calculated based on the mean 

equivalent radius (r*) of the WLO for different normalized velocities of impact for 

Drop Test II using von-Karman and Wagner approaches 
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Figures 2.14 and 2.15 show that the maximum impact acceleration obtained by both the 

semi-analytical models compare well with those obtained experimentally. It is interesting 

to note that the acceleration values obtained by von Karman and Wagner solutions produce 

accelerations that are similar ascertaining the importance of the shape of the WLO during 

water impact. (Note that we call the proposed approximate estimation procedure as “semi-

analytical” because experimental data is needed to determine an important parameter, 

namely, the equivalent radius.) 

 

2.6 Discussion and comparison 

 

An important aspect is the comparison of the shape of space capsule used for the Indian 

and American space missions. The WLO used for the Indian space mission is conical in 

shape with a rounded nose than compared to the convex shape of the base used for all the 

American space missions. This significantly inhibits the comparison with the literature 

available for ACM or other American space missions. The present work is the first of its 

kind in testing a scaled-down model of WLO (with a conical shaped base) impacting ocean 

waters. 

An attempt was made to study the impact dynamics of the WLO during and after 

touchdown with water surface using an underwater camera but they were discarded as the 

results obtained were not reliable. The hydrodynamic response of the WLO upon water 

impact which constitutes of measurements such as peak impact acceleration and peak 

impact pressure can only be used to qualitatively justify the experimental drop tests. 

For the WLO weighing 2.03kg (Drop Test I), the acceleration time series for a 10m/s 

velocity of impact gives a peak acceleration of 52.17m/s2 (~5.2 g ) and a touchdown 
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pressure of 26kPa and for the WLO tests with the electromagnetic release with an increased 

mass of 3.5kg of the model (Drop Test II), the peak acceleration was found to be 36.5m/s2 

(~3.6 g ) and the touchdown pressure was computed as 41kPa. In addition, for both 

independent experimental data sets, the peak force was proportional to the square of the 

impact velocity, which is in good agreement with Kaplan’s theoretical results. Hence, a 

formal comparison between the two cases cannot qualitatively demonstrate the efficiency 

of one case over the other. Instead, for an end user, an increased weight of WLO provides 

a measure of the reduction of the accelerations (3.6 g  in Drop Test II compared to 5.2 g  in 

Drop Test I). 

The peak impact force experienced by the model obtained using the model mass and 

measured acceleration is 105.9N for Drop Test I compared to 127.7N for Drop Test II. 

Comparison of drop heights to theoretical and experimental velocities depict a very good 

agreement for both the cases, ascertaining the accuracy of the impact accelerations 

measured experimentally for successive drop heights. 

In order to describe the physics of the slamming problem, the maximum pressure obtained 

was compared to the pressure calculation when a circular cylinder slams water surface 

(Faltinsen 1990). The fluid behavior is incompressible at pressure values significantly 

below the acoustic pressure bound (
ec V  = 14500 kPa). The measured values of maximum 

impact pressure for both the drop test cases were 26 kPa and 41 kPa for Drop Tests I and 

II, respectively, which are well below the pressure bound confirming the main assumption 

that the fluid is incompressible (Faltinsen 2005).  

The WLO was assumed as rigid for the convenience of comparing experimental results 

with closed form solutions for maximum accelerations predicted by the classical von 
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Karman and Wagner. The maximum radius of the base of the model is 338.5mm whereas 

the radius of the conical portion impacting the water surface is 84.8mm which is primarily 

responsible for the large difference between experimental and analytical estimates. An 

improved approximate solution procedure using an “equivalent” radius concept integrating 

experimental results with the von Karman and Wagner closed-form solutions is proposed 

and developed in detail.  

 

2.7 Concluding remarks 

 

An important aspect in the assessment of recovery and escape systems of water-impact 

rigid bodies is the performance of these bodies in ocean water landing. The primary 

objective of this study is to examine the dynamic response of a conical shaped rigid body 

with a spherical nose (a water-landing object, WLO) during water impact by conducting 

experiments using a 1/6th Froude-scale model and two independent drop mechanisms. Drop 

Test I involved dropping the rigid body using a rope and pulley arrangement, while Drop 

Test II employed an electromagnetic release to drop the rigid body. The effects of varying 

the vertical velocity and the rigid body weight are identified and the trend obtained helps 

the readers to comprehend the conditions that must be avoided during a water impact. The 

hydrodynamic parameters such as peak acceleration and touchdown pressure were 

measured and the dynamic response of the rigid body during touchdown was observed. 

The peak values of acceleration for Drop Test I and II are 5.2 g  and 3.6 g , respectively. If 

a crew member onboard the rigid body (WLO) cannot withstand impact accelerations over 

5 g , these results will give a glimpse of the initial conditions which will keep the peak 

impact accelerations under specified limits. Note that the maximum impact accelerations 
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obtained in the experiments will directly predict the prototype values according to Froude 

scaling (scale factor = 1). Therefore, the maximum impact acceleration for a prototype is 

expected to be approximately 5 g . 

An important aspect is the accuracy and reliability of the experimental results in predicting 

the impact accelerations and touchdown pressures obtained from both the experimental 

cases. Results from both the experimental data sets show that the impact acceleration and 

touchdown pressure increases practically linearly with the increase in the height of the 

drop. 

The reliability of the experimentally measured maximum accelerations was calibrated with 

classical von Karman and Wagner approximate closed-form solutions. For a conical 

bottomed rigid body, the analytical results show that there is a large difference between the 

experimental peak impact accelerations and those obtained by these analytical estimates. 

The large difference can be partly attributed to the unique shape of the rigid body 

considered (i.e., the WLO) and partly due to the assumptions of the formulations for both 

von Karman and Wagner approaches. Owing to the large difference between the 

experimental accelerations and those provided by von Karman and Wagner approaches, an 

improved approximate solution procedure using an “equivalent” radius (r) of the rigid body 

(WLO) was estimated to understand the physics of the impact. It can be observed that the 

von Karman approach tends to estimate a lower value of the radius of the conical portion 

whereas the Wagner approach tends to estimate a higher value of the impact radius. 

As the effect of local rise up of the water is significant during water entry of a rigid 3D 

rigid body, the von Karman predictions for maximum impact accelerations are not 

significant in determining the maximum impact accelerations for the water entry of the 
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WLO. Based on the equivalent radius approach, the approximate analytical solutions of 

von Karman and Wagner can be used to obtain design maximum accelerations of the WLO 

model consistent with experimental results. Further, the mean equivalent radius (r*) was 

computed to analytically estimate the maximum impact accelerations (for varying impact 

velocities). Results show the maximum impact accelerations obtained by both the semi-

analytical estimates compared reasonable well with the experimental acceleration values. 

In order to achieve accelerations comparable to the closed-form solutions, the analytical 

results show that, for the design of a WLO, the Wagner approach provides a correct 

estimate of the equivalent radius of the WLO. It is, however, interesting to note that the 

acceleration values obtained by von Karman and Wagner solutions produce accelerations 

that are similar ascertaining the importance of the shape of the WLO during water impact. 

Finally, several areas are worthy of mention at this juncture. Model testing is needed over 

a wider range of conditions to include improved tests which vary the speed, weight and 

entry angle and under realistic conditions existing in the oceans. The model used for the 

drop tests should be specifically designed to avoid structural vibrations. Future work can 

also include more in-depth analysis of the vehicle impact pressures, fully deformable 

vehicles and floatation studies. Numerical simulations of the rigid body splashdown can be 

performed and the possibility of combining the finite element package with a 

computational fluid dynamics package could more accurately simulate the hydrodynamics 

during impact.  
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3 RIGID-OBJECT WATER-ENTRY IMPACT DYNAMICS: 

FINITE-ELEMENT/SMOOTHED PARTICLE 

HYDRODYNAMICS MODELING AND EXPERIMENTAL 

VALIDATION 

 
3.1 Abstract 

 

A numerical study on the dynamic response of a generic rigid water-landing object (WLO) 

during water impact is presented in this paper. The effect of this impact is often prominent 

in the design phase of the re-entry project to determine the maximum force for material 

strength determination to ensure structural and equipment integrity, human safety and 

comfort. The predictive capability of the explicit finite-element arbitrary Lagrangian-

Eulerian (ALE) and smoothed particle hydrodynamics (SPH) methods of a state-of-the-art 

nonlinear dynamic finite-element code for simulation of coupled dynamic fluid structure 

interaction (FSI) responses of the splashdown event of a WLO were evaluated. The 

numerical predictions are first validated with experimental data for maximum impact 

accelerations and then used to supplement experimental drop tests to establish trends over 

a wide range of conditions including variations in vertical velocity, entry angle and object 

weight. The numerical results show that the fully coupled FSI models can capture the 

water-impact response accurately for all ranges of drop tests considered, and the impact 

acceleration varies practically linearly with increase in drop height. In view of the good 

comparison between the experimental and numerical simulations, both models can readily 

be employed for parametric studies and for studying the prototype splashdown under more 

realistic field conditions in the oceans. 



48 
 

3.2 Introduction  

 

Ocean entry dynamics of a generic WLO is an intrinsic component of many naval 

applications. Examples include ship slamming, torpedo water entry, and space module 

water landing impact analysis. The recent emphasis of the Navy on Intelligent, Surveillance 

and Reconnaissance (ISR), Mine Warfare (MIW), Naval Special Warfare (NSW), and 

Anti-Submarine Warfare (ASW) further highlights the importance of multi-physics 

numerical codes capable of modeling the ocean environment and contact/impact 

phenomena of deployed systems accurately. The present study is concerned with numerical 

analysis of the ocean water landing of a generic rigid object (WLO) and its comparison 

with the experimental results. The effect of this impact is often prominent in the design 

phase of re-entry projects, to determine the maximum force for material strength 

determination to ensure structural and equipment integrity and human safety. 

Prototype data (generic shape and dimensions) has been provided by the Indian Space 

Research Organization (ISRO) to facilitate the development of a physical WLO model. 

The shape of the prototype is unique in a way that it is conical with a rounded nose (which 

impacts the water surface first) than compared to the convex shape of the base used for 

American space missions. This significantly inhibits the comparison with the literature 

available for Apollo Command Module (ACM) or other American space missions.     

Studies on impact phenomena based on the theoretical and experimental work by von 

Karman [1] and Wagner [2] resulted in approximate estimates and bounds for the impact 

accelerations on rigid bodies entering water free surface. Using an expression for the added 

mass of the water, acceleration of and pressure on the rigid body were determined. Miloh 

[3] obtained analytical expressions for the small-time slamming coefficient and wetting 
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factor of a rigid spherical shape in a vertical water entry. A semi-Wagner approach was 

then used to compute the wetting factor and the Lagrange equations were employed in 

order to determine the slamming force from the kinetic energy of the fluid. Good agreement 

between theoretical model and experimental measurements, both for the early-stage impact 

force and the free-surface rise at the vicinity of the sphere was observed. Brooks and 

Anderson [4] investigated the dynamic response of water-landing space module (WLSM) 

during impact upon water. A 1/5th-scale model was tested in a three-dimensional (3-D) 

basin at the Hinsdale Wave Research Laboratory (HWRL) at Oregon State University and 

the results were compared with those obtained using analytical techniques and computer 

simulations. The 3-D FE model was validated by comparison with previous full-scale test 

data and theory. Zhao and Faltinsen [5] developed a generalized Wagner model, within 

which only the boundary conditions on the fluid free surface are simplified (linearized 

BCs). Faltinsen [6] studied the relative importance of hydroelasticity for an elastic hull 

with wedge-shaped cross sections penetrating an initially calm water surface. Wagner’s 

theory was generalized to include elastic vibrations. The importance of hydroelasticity for 

the local slamming-induced maximum stresses was found to increase with decreasing 

deadrise angle  and increasing impact velocityV . Fair agreement between theory and 

experiments was documented. Scolan and Korobkin [7] considered the 3-D problem of a 

blunt-body impact onto the free surface of an ideal incompressible liquid based on 

Wagner’s theory. They also found that the bounds on maximum acceleration due to impact 

of a rigid object water re-entry can be obtained analytically. Souli and Olovsson [8] 

evaluated the capabilities of FSI and ALE formulation for various fluid dynamics problems 

and showed that FE code is an efficient tool for analyzing large deformation processes with 
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its multi-material ALE capabilities. Korobkin and Scolan [9] also performed hydroelastic 

slamming analysis of a 3-D cone using Wagner’s approach. Tutt and Taylor [10] assessed 

the performance of recovery vehicles in the event of a water landing. They investigated the 

application of the Eulerian-Lagrangian penalty coupling algorithm and multi-material ALE 

capabilities for the water impact. Melis and Bui [11] studied the ALE capability to predict 

splashdown loads on a proposed replacement/upgrade of hydrazine tanks on a thrust vector 

control system housed within the aft skirt of a Space Shuttle solid rocket booster. 

Preliminary studies on the booster impacting water showed that useful predictions can be 

obtained using the ALE methodology to a detailed analysis of a 26-degree section of the 

skirt with a proposed tank attached. The 3-D nonlinear theory of water impact was solved 

by Korobkin [12] using a modified Logvinovich model, which is slightly more complex 

than the Wagner’s method used in this study. Seddon and Moatamedi [13] reviewed water 

entry studies between 1929 and 2003, and provided a summary of major theoretical, 

experimental and numerical accomplishments in the field. Wang and Lyle [14] simulated 

space capsule water landing using an arbitrary Lagrangian-Eulerian (ALE) finite-element 

(FE) solver and a penalty coupling method to predict fluid and structure interaction forces. 

The capsule was assumed rigid and results were found to correlate well with closed-form 

solutions. Jackson and Fuchs [15] conducted vertical drop tests on a 5-ft diameter 

composite fuselage section into water. A detailed FE model was developed to model the 

impact event using the ALE and smoothed particle hydrodynamics (SPH) approaches in 

LS-DYNA. Vandamme et al. [16] investigated the fluid and floating object interaction 

using a novel adaptation of the weakly compressible smoothed particle hydrodynamics 

(WCSPH) method by incorporating a floating object model. Simulations results for water 
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entry and exit of a buoyant and neutral density cylinder showed good agreement with 

previous experimental, numerical, and empirical studies in penetration depth, free surface 

motions, and object movement.  

It is apparent that though FE codes were used for many fluid-structure interaction problems 

in the past, modeling the air and water domains accurately in such problems still poses 

difficulties. A general-purpose non-linear transient dynamic finite element code for 

analyzing large deformation rate response of fluids including fluids coupled to structures 

is used in the present study. Dynamic behavior of the WLO dropped from specific heights 

(with varying entry speed and weight) to provide data for calibration of prediction results 

from numerical studies is examined in this article. Experimental and numerical results are 

correlated with classical solutions using the von Karman and Wagner approaches for 

maximum impact acceleration. 

 

3.3 Finite element modeling of the experimental WLO drop tests 

 

The present paper is the second of a two-part series to investigate the water entry dynamics 

of a rigid body, both experimentally and numerically. It constitutes the first part of a project 

in which two independent sets of experiments were conducted to calculate the maximum 

impact accelerations and touchdown pressures on a WLO upon impact with water surface 

[17]. Drop test I involved dropping the object using a rope and pulley arrangement, while 

Drop Test II employed an electromagnetic release to drop the model [17]. In this article, 

the numerical study of the dynamic response of a WLO water impact is presented for both 

drop test cases. Both sets of experiments provide valuable and complementary 

experimental data (for different weight distribution ratios) for numerical model validation. 
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Both test cases involved dropping the object over a range of 0.5m intervals where the 

maximum permissible height of 5m corresponds to an achievable velocity of 9.81m/s. 

To simulate the dynamic response of the impact experiment for model testing, a 1/6th 

Froude scale model of WLO [made of fiber reinforced polymer (FRP)] was used [17]. The 

overall configuration of the WLO prototype is shown in Figure 3.1. Note that the conical 

portion (nose part of the rigid-object) impacts the water surface first. The origin of 

reference is located at the deck of the WLO and the position of Zcg is measured from the 

flat base (Figure 3.1). The scaled model of the WLO has a maximum base diameter of 

338.5mm and a height of 271.6mm. The weight of the WLO is 2.03 Kg. A skin thickness 

of 5mm was selected, with extra thickness at the nose (of about 10mm) to withstand the 

force of impact. 

A numerical code for nonlinear dynamic analysis of structures in three dimensions (3D), 

LS-DYNA, is used in the current study (Version: mpp971d R7.0.0 and Revision: 79055). 

The predictive capability of the nonlinear explicit dynamic finite element code is evaluated. 

This work utilizes the built-in contact-impact algorithm along with the ALE and SPH 

features to simulate the fully coupled FSI phenomenon. More details on the version, 

number of degrees of DOF and the platforms used are presented in the performance studies 

of ALE and SPH section.   

For the problem considered, the dynamic response involves the penetration of the object 

treated essentially as a rigid body through the air/water domain. All the ALE simulation 

models involve three components (i) WLO, (ii) air domain, and (iii) water domain. Note 

that all the numerical tests were confined to vertical impact only. For information on the 

effect of horizontal speed of the entering body, see [18]. 



53 
 

 

Figure 3.1: Overall configuration of WLO Prototype (All dimensions are in mm) 

 

The air and water domains were modeled using solid brick elements in an axi-symmetric 

cylindrical domain. An important feature in simulating contact and impact problems is 

proper modeling of the two-phase flow including the presence of air. A common practice 

of past studies in modeling the air domain in coupled FSI contact and impact problems is 

to use either “vacuum” or “void material” to model the air domain. However, this does not 

capture the physics accurately and leads to unrealistic high impact accelerations. In this 

paper we include air modeling using material properties and a governing equation of state. 

The Apollo-like space capsule (used for many previous impact studies) and by Wang and 

Lyle [14] had a maximum diameter of 198 inches (~5m) and a height of 130 inches 

 

Zcg (0,0,890.15) 

W L 
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(~3.3m). The weight is estimated to be 16,200 lbs (~7,348 Kg). The FE computational 

setup for such a model demands large water and air domains requiring a very larger number 

of nodes and elements to achieve convergence. However, in the present study the maximum 

diameter of the 1/6th Froude-scale model of the WLO is 338.5mm and a height of 271.6mm 

with a weight of 2.03 Kg.  Hence, a water body of 4m (diameter) x 2m (length) and an air 

domain of 4m (diameter) x 1.0m (length) are modeled for the impact studies. Null material 

model which has very little shear strength is used to model the water and air domains with 

a mass density of 1000 kg/m3 and 1.29 Kg/m3 respectively which needs an equation of state 

to be defined.  

The WLO is made up of fiber reinforced plastic (FRP) and the mass density and Young’s 

modulus values are those of the FRP material used for both experimental test cases and 

numerical simulations. The WLO is treated as a rigid body with a mass density of 1764.52 

kg/m3. (As a side note and for completeness of information, in the numerical computation 

of the coupled fluid-rigid body interaction, the code uses a penalty function method to 

determine the location of the common contact surface between the fluid and the rigid body 

that requires the input of artificial values of Young’s modulus and Poisson’s ratio of the 

body to compute the penalty function spring stiffness for intermediate iterations. For the 

simulations performed in this study, a Young’s modulus of 4.895 X 10E9 N/m2 and a 

Poisson ratio of 0.2 appear to be optimal.) 

Eight-node brick elements and 4-node Belytschko-Lin-Tsay shell elements [19,20] are 

used for discretization of the air/water and WLO domains, respectively. A constrained 

Lagrange interface/contact is used to model the impact event between the object (treated 

as a rigid body) and the air-water target. In this, the moving surface of 3-D rigid body (a 
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Lagrangian mesh) is treated as the slave surface, and the target air-water mesh is treated as 

the master surface.  

Importantly, Navier Stokes equations and ALE formulations are solved over the entire 

computational domain. In the ALE description, an arbitrary referential coordinate is 

introduced in addition to the Lagrangian and ALE coordinates [21]. The material time 

derivative of a variable with respect to the reference coordinate can be described as 

( , ) ( , )
( ) ( , )

dg X t g x t
v w gradg x t

dt t


   


                                                                       (1) 

Where X  is the Lagrangian coordinate, x  the ALE coordinate, v  is the particle velocity, 

and w the grid velocity of the numerical simulation. The ALE differential form of the 

conservation equations for mass, momentum, and energy are readily obtained from the 

corresponding Eulerian forms: 

Mass: ( ) ( ) ( ) 0div v v w grad
t


 


   


             (2) 

Momentum: ( ) ( ) ( )
v

v w grad v div f
t

  


    


            (3) 

Energy: ( ) ( ) : ( )
e

v w grad e grad v f v
t

  


    


              (4) 

Where  is the mass density, f is body force vector, and e is the total energy.   

denotes the total Cauchy stress given by: 

( ( ) ( ) ) 2 / 3
T

pI grad v grad v grad vI                                                              (5) 

Where p is the pressure, I is the identity tensor,   is the dynamic viscosity, and ( )v w

is the convective velocity across the grid. 

The elements of the air and water domains were given the null hydrodynamic material type 

that allowed a new equation of state to be specified. An equation of state with a linear 
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polynomial form is used to define the initial thermodynamic state of the material and 

pressure [20] is given by: 

2 3 2

0 1 2 3 4 5 6( )p C C C C C C C E                       (6) 

where 0 6C   are user-defined constants, E is initial energy per initial volume, and the 

volumetric parameter  is defined as: 

1
1

V
                                                                                                                              (7) 

where V  is relative volume given as: 

0V



                                                                                                                               (8) 

with 0  as the reference mass density (which might be different than the current mass 

density if the material experiences compression or expansion throughout the simulation). 

The constant 1C  in Equation 6, when used by itself, is the elastic bulk modulus ( 2

1 sC c ), 

where  is the mass density of the material and sc  is the sound speed in air/water 

( 1480 /sc m s  for water and 343 /sc m s for air). Providing this constant only and setting 

all other constants to zero is sufficient to define the equation of state if the pressure is not 

significantly influenced by temperature changes. 

As another side note, sound speed in water plays a significant role in determining the 

integration time step and also the total computational time. The time step can be artificially 

lowered for fluids without affecting the accuracy of the fluid motion computation but can 

significantly reduce the computational effort by allowing a significantly large time step 

[22]. A sound speed 100m/s is employed in all subsequent computations in this study. This 
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provides values of 1C for air and water domains are 1.0E+05N/m2 and 1.0E+07N/m2, 

respectively. 

The boundary conditions employed in the numerical model are partially the material 

surfaces (out-of-plane, in-plane and bending restraint). The material surfaces defined in 

ALE formulation are: (a) no particles can cross them, and (b) stresses must be continuous 

across the surfaces.  

 

3.4 Finite element simulations 

 

A number of model development techniques were examined to identify the most efficient 

and accurate models, some of which are discussed here.  

Modeling Air – An air pressurization study was conducted to confirm that the magnitude 

of the pressure in the air is necessary to not only energize the air around the rigid body but 

also to get a good velocity contour around the falling object, making it is a significant 

parameter in modeling these kind of contact and impact problems. 

Rigid-body starting location – A review of the starting location of the rigid body was 

performed. It was clear that the rigid body (with prescribed initial velocity) would need to 

fall from a height large enough to allow the surrounding air flow to be captured accurately 

but not so large as to require a very large computational domain (and hence simulation 

time) that does not improve the predictive accuracy. It was found that starting location of 

0.3m above the water surface with a corresponding initial velocity (obtained from analysis) 

was adequate for all the rigid body impact tests to accurately capture the physics of the 
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impact. Note that the mesh of the WLO is immersed in the Eulerian meshes of water and 

air, but the fluid nodes and the structure do not need to be coincident. 

Mesh size variation – The mesh size of the ALE air and water domains close to the impact 

zone were varied from a coarse 100mm grid to a fine mesh of 20mm grid to study the 

convergence of the peak impact acceleration values. Simulations were performed over a 

wide range of conditions. The characteristics of entry speed, entry angle, and vehicle 

weight were varied. The time step was approximately 3.0E-05sec. There were a total of 

732,550 nodes and 714,180 in the 3D ALE model. For each simulation, a total of 33,246 

data states were created from the simulation. Displacement, velocity and acceleration of 

the model were recorded (related to the center of mass of WLO). An important result from 

these simulations is the maximum impact acceleration and maximum impact pressures 

experienced by the object upon impact for each drop height. Figure 3.2 shows the plan and 

top view of the computational mesh. In all numerical simulations the accelerations are 

obtained in reference to the local Z direction, unless indicated otherwise.  

        

 

Figure 3.2: Elevation [L] and top view [R] of the FE-ALE computational mesh 

(Blue: Water domain /Green: Air Domain/ Red: WLO model) 

 

Effects of Vertical Velocity Variation --- The vertical velocities of the WLO considered in 

this study varied from 9.8m/s to 4.4 m/s (with 9.8 m/s corresponding to Drop Test-I). Figure 
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3.3 shows the animation images of the impact at various time steps in comparison to the 

image from the experiment shown exactly during impact.  

 

  

  

Figure 3.3: Animation images at various time steps for vertical impact 

Figures 3.4 and 3.5 show acceleration and pressure time histories for a 5m drop test. It can 

be observed that the modeling of the two-phase flow with the proper simulation of the 

dynamics of air provides accurate impact acceleration results that are remarkably close to 

the WLO experimental impact data, providing a high degree of confidence in the 

applicability of ALE methodology to this class of intricate contact and impact problems. 

For a 5m drop height, Figure 4 shows that the peak acceleration upon impact corresponds 

to 55.10 m/s2 (5.5 g ) and Figure 3.5 shows that the peak impact pressure corresponds to 

28kPa. Note that the pressure acting on a rigid body is computed using an inbuilt FSI sensor 

(placed strategically at the nose of the WLO impacting water surface first).  
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Figure 3.4: Numerical simulation response of a 5m drop test: Acceleration time 

history 
 

 

Figure 3.5: Numerical simulation response of a 5m drop test: Pressure time history 

 

The acceleration and pressure time histories (Figures 3.4 and 3.5) also depicts that during 

free fall, the response remains flat ( 0 0.245sect  ), due to the positioning of the rigid 

body with respect to the water surface and during touchdown on the water surface the 

acceleration and pressure peaks are recorded ( 0.245 0.254sect  ). It is evident from the 

post impact scenario that the rigid body bounces (with its nose up) after impact (

0.254 0.55sect  ) and subsequently comes to a static equilibrium with a practically 

constant submerged pressure ( 0.55 1sect  ). 

Note that, in contrast to the results presented in [4,14-15], the numerical predictions 

presented in Figures 3.4 and 3.5, which match well with experiment measurements, do not 
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contain any high frequency oscillatory “noise” and does not require filtering. We attribute 

this improvement in the predictive capability to the accurate modeling of the behavior of 

air flow around the rigid body. 

An attempt was made to measure the maximum depth of immersion of WLO after impact 

using the experiments but they were discarded as they were deemed unreliable. A tracer 

particle approach using a tracer node is used to measure the depth of immersion in the 

numerical simulations. Figure 3.6 shows a linear relationship between the depth of 

immersion and the drop height. 

 

 

Figure 3.6: Height of Drop vs. Depth of Immersion for Case-I  

 

Table 3.1 shows a comparison of experimental data (Drop Test-I: Mechanical release) with 

the ALE predictions. Due to the highly stochastic nature of the peak pressure estimates on 

the rigid body [23], each drop test was repeated thrice and the maximum impact pressure 

reported in Table 3.1 is the mean value of three drop test cases. 
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Table 3.1: Simulation results for maximum impact acceleration [Drop Test-I: 

Weight of WLO = 2.03kg (Vertical Entry/Entry Angle=0 deg)] 

 

Vertical 

Velocity 

at 

Impact 

(m/s) 

Maximum 

Impact 

Acceleration 

(Numerical) 

(m/s2) 

Maximum 

Impact 

Acceleration 

(Experimental) 

(m/s2) 

Maximum 

Impact 

Pressure 

(Numerical) 

(kPa) 

Maximum 

Impact 

Pressure 

(Experimental) 

(kPa) 

9.80 55.10 52.17 28.12 26.10 

9.27 52.48 48.32 26.61 23.25 

8.61 49.32 45.18 23.42 22.15 

8.26 39.80 38.76 22.35 19.25 

7.55 38.18 37.78 19.75 18.65 

6.87 34.18 33.53 18.11 16.35 

6.20 32.10 30.27 16.98 15.20 

5.31 24.75 22.86 15.45 13.10 

4.39 12.58 11.65 14.20 12.80 

 

Effects of Entry Angle Variation --- The entry angles of the WLO upon impact were varied 

from 15 to 40 degrees (Table 3.2) to examine its influence on peak acceleration. Simulation 

results show that the impact acceleration can be reduced by having the WLO enter the 

water at an angle.  

Table 3.2: Summary of the pitch tests (V=9.8m/s) (Weight of WLO = 2.03kg) 

 

 Entry Angle 

(Degrees) 

Maximum Impact 

Acceleration (Numerical) 

(m/s2) 

Maximum Impact 

Pressure (Numerical) 

(KPa) 

0 55.10 28.12 

15 45.75 17.92 

30 32.01 11.45 

45 15.55 9.50 
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Note that the experimental studies did not involve pitch tests [17]. When the local dead rise 

angle (  ) between the water surface and the dropping object is not very small at the impact 

position, the body can be assumed rigid in the hydrodynamic calculations [23]. The 

relatively high stiffness of the scaled down model is due to the rigid body definition. When 

  is small, the hydroelastic effects become important [6,23] and the maximum impact 

accelerations are greatly affected by the hydroelastic interactions at impact [14]. Previous 

studies on water impact analysis involved objects with small   compared to the present 

scenario which deals with a unique shape of the WLO with a large   during impact with 

water surface. This is one of the reasons for the excellent comparisons between the 

experimental and numerical test data. 

Effects of Weight Variation -- The effects of variations in the weight of the WLO on 

maximum impact acceleration and pressure was examined by varying the object weight 

from 2.5 kg to 5 kg (3.5kg corresponds to Drop Test-II involving an electromagnetic drop 

mechanism). Trends obtained from acceleration and pressure time histories for a 3.5 kg 

model were similar to those obtained for Drop Test-I [17]. The acceleration time history 

for a weight of 3.5kg of WLO yields a peak impact acceleration value of 38.20 m/s2 (3.8

g ) and a touchdown pressure of 43.5KPa. Table 3.3 shows a comparison of experimental 

results from the electromagnetic release mechanism with the ALE formulation. The peak 

accelerations obtained from the FE simulations and the experimental data for Drop Test–

II are 38.20 m/s2 and 36.50 m/s2, respectively, showing good predictive capability of the 

numerical model. 
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Table 3.3: Simulation results for maximum impact acceleration [Drop Test-II: 

Weight of WLO = 3.5kg (Vertical Entry/Entry Angle=0 deg)]  
 

Vertical 

Velocity 

at 

Impact 

(m/s) 

Maximum 

Impact 

Acceleration 

(Numerical) 

(m/s2) 

Maximum 

Impact 

Acceleration 

(Experimental) 

(m/s2) 

Maximum 

Impact 

Pressure 

(Numerical) 

(kPa) 

Maximum 

Impact 

Pressure 

(Experimental) 

(kPa) 

9.72 38.20 36.50 43.50 41.15 

9.30 32.85 31.72 42.35 38.20 

8.81 28.20 27.32 35.70 32.75 

8.19 24.80 22.82 31.65 29.35 

7.54 22.35 19.55 26.22 25.15 

6.97 18.50 15.32 23.17 21.25 

6.22 15.10 12.12 20.85 19.10 

5.35 11.75 10.72 19.85 18.45 

4.42 10.90 9.92 17.33 15.75 

 

 

3.5 Analytical description of the general contact–impact problem 

 

For a rigid object with a spherical bottom, closed-form solutions based on the von Karman 

and Wagner approaches are available to correlate with results from the explicit finite 

element analyses [14]. The von Karman approach is based on conservation of momentum 

and uses an added mass [1]. The penetration depth is determined without considering water 

splash-up. The Wagner approach uses a more rigorous fluid dynamic formulation and 

includes the effect of water splash-up on the impact force [2]. From the analytical solutions 

for a spherical bottom body impacting with water using the von Karman method [24], the 

magnitude of the virtual mass for a spherical bottom body is given by: 
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3 3

2 2
4

(2 )
3

vm h R h 
                                                    

                                                    (9) 

where vm is the virtual mass,   is the mass density of water, h  is the water depth, and R

is the radius of the spherical bottom. 

Assuming 
h

R
<<1, the maximum acceleration can be found as 

2
23 3

0
max

256 4

243 3
vK

VgR
a

W R




  
    

     

                                                                          (10) 

where vK  stands for von-Karman in (10)  

A semi-Wagner approach to determine the non-dimensional slamming coefficient [3] is 

based on these analytical derivations the maximum acceleration can be estimated as 

2 2max
max 0

2
W s

hg
a C R V

W R


 
  

                                                                             (11) 

where w  stands for Wagner in (11). 

The equivalent radius is a representative or nominal radius of WLO that yields the 

accelerations comparable to the maximum impact accelerations obtained experimentally 

with the conical shaped WLO [17]. From the analytical solutions for a spherical bottom 

body impacting with water surface, for the von-Karman method, equation (10) is used to 

calculate the equivalent radius by computing max vKr  corresponding the maximum impact 

acceleration max vKa   and is given by 

2

3
max

max 2

0

243 3

256 4

vK
vK

a W
r R

V g




  
     

  
                                                                      (12) 
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and correspondingly for the Wagner method, equation (11) can be used to calculate the 

equivalent radius by computing the value of max Wr  corresponding the maximum impact 

acceleration max Wa  and is given by 

max
max 2

0 max

2 W
W

s

Wa
r R

g V C h 


                                                                                            (13) 

Values of the “equivalent radius” of the WLO conical portion is also shown in Table 3.4. 

A detailed description of the equivalent radius approximate semi-analytical procedure is 

provided in [17]. Table 3.4 also shows a comparison of the FE simulation results (Drop 

Test-I and Drop Test-II) with analytical solutions using von Karman and Wagner 

approaches and experimental test data.  

Table 3.4: Analytical solution results from von Karman and Wagner approaches  

Water 

Landing 

Object (WLO) 

Experimental 

Cases 

 

Cone radius: 

0.0848m 

Max. Radius: 

0.3385m 

Maximum acceleration   

g: acceleration due to 

gravity (
2

m

s
) 

Analytical Solutions for 

maximum 

accelerations  

Equivalent Radius of 

WLO conical portion 

(m) 

Experimental 

(Drop Tests) 
Numerical 

(FE tests) 

von 

Karman 

(Eq.5) 

maxa  

Wagner 

(Eq. 10) 
*

maxa  

von 

Karman 

maxr  

Wagner 
*

maxr  

Drop Test-I: 

Mechanical 

mechanism 

5.2g 5.5g 14.7g 19.8g 0.0300 m 0.1075 m 

Drop Test-II: 

Electromagneti

c release 

mechanism 

3.6g 3.8g 10.4g 25.2g 0.0293 m 0.1310 m 

It is important to note that the maximum radius of the base (for a 1/6th Froude-scale model 

of WLO) is 338.5mm and the radius of the conical portion impacting the water surface is 

84.8mm. For a conical bottomed rigid object, the FE results show that there is large 
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difference between the numerical peak impact accelerations and those obtained by von 

Karman and Wagner analytical estimates. This large difference can be attributed to the 

conical shape of WLO bottom impacting the water surface compared to the large spherical 

bottom used in deriving the closed-form solutions. In addition to the unique shape of the 

WLO the basic assumptions of the formulations for both the von Karman and Wagner 

approaches also play a pivotal role in contributing to the large difference. The von Karman 

approach is based on the momentum theorem (using an added virtual mass) and the 

penetration depth is determined without considering the splash-up of the water level, thus 

neglecting the highly nonlinear coupled fluid-structure interaction effect. The Wagner 

approach, on the other hand, attempts to relax the von Karman no-splashing assumption by 

using a rigorous dynamic formulation and incorporates the effect of the upward splashing 

of the water and its effects on the object. With the upward splashing correction, the Wagner 

approach tends to over predict the maximum impact retardation as it neglects the water 

compressibility (i.e. a more yielding fluid) near the impact zone. The lack of agreement in 

the maximum impact accelerations obtained in the present numerical study with the closed 

form von Karman and Wagner approximate solutions is due to the large initial angle at 

impact and the relatively rapid changes in contact radius of the inverted cone shape of the 

WLO as it penetrates the water surface. These deviations from the idealized assumption 

may be taken into account using the concept of an equivalent radius [17].  

 

3.6 Smoothed particle hydrodynamics (SPH) simulations 

 

Smoothed particle hydrodynamics (SPH) is an N-body integration scheme initially 

developed by Gingold and Monaghan [25] and Lucy [26] to avoid the limitations of mesh 
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tangling encountered in extreme deformation problems with the FE method. The main 

difference between classical methods and SPH is the absence of grid. Hence, the particles 

constitute the computational framework on which the governing equations are resolved. 

The main advantage arises directly from its Lagrangian nature, since such an approach can 

tackle difficulties related with lack of symmetry, large voids that may develop in the field, 

and a free water surface much more efficiently than Eulerian methods. The conservation 

laws of continuum fluid dynamics, in the form of partial differential equations, are 

transformed into particle form by integral equations through the use of an interpolation 

function that gives kernel estimation of the field variables at a point [20]. Null material 

model with an equation of state is used to model the water domain. The speed of sound at 

the reference density was set to 100m/s as the acoustic speed is not important for the present 

problem. It is worthy to note that this sound speed is much lower than that of water, but 

much faster than the water wave propagation in the model.  

SPH Formulation --- The particle approximation function is given by: 

( ) ( ) ( , )h f x f y W x y h dy                                                                                        (14) 

where  W is the kernel function. The Kernel function W is defined using the function   

by the relation: 

1
( , ) ( )

( )d
W x h x

h x
                                                                                                      (15) 

where d is the number of space dimensions and h is the so-called smoothing length which 

varied in time and space. ( , )W x h is a centrally peaked function. The most common 

smoothing kernel used by the SPH is the cubic B-spline which is defined by choosing   

as: 
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2 33 3
1

2 4
u u           for   1u   

( )u Cx       
31

(2 )
4

u                 for  1 2u                                                           (16) 

                       0                              for  2 u
 

where C  is a constant of normalization that depends on the spatial dimensions. 

The particle approximation of a function is now defined by: 

1

( ) ( ) ( , )
N

h

i j i i j

j

f x w f x W x x h


                                                                                   (17) 

where 
j

j

j

m
w


  is the “weight” of the particle. The weight of a particle varies 

proportionally to the divergence of the flow. 

Discrete form of conservation equation --- The conservation equations are written in their 

discrete form and the momentum conservation equation is: 

1 ( )
( ( )) ( ( ))i i

i i

dv
x t x t

dt x

 







                                                                                       (18) 

where ,  are the space indices. 

 Energy conservation equation is given by: 

dE P
v

dt 
                                                                                                                      (19) 

Artificial Viscosity---The artificial viscosity is introduced when a shock is present. 

Shocks introduce discontinuities in functions. The role of artificial viscosity is to smooth 

the shock over several particles. To take into account the artificial viscosity, an artificial 

viscous pressure term ij  is added such that: 
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i i ijp p                                                                                                                          (20) 

where 21
( )ij ij ij ij

ij

c 






    . The notation 

1
( )

2
ij i jX X X



  is used for median 

between iX  and jX , c  is the adiabatic sound speed, and 

 

 

 

                                                 (21)                                                                           

 

 

 

Here, ( )ij i jv v v  , and 
2 20.01 ijh



  which prevents the denominator from vanishing. 

Time Integration--- A simple and classical first-order scheme for integration is used. The 

time step is determined by the expression: 

i
CFL

i i

h
t C Min

c v


 
  

 
                                                                                                    (22) 

where the factor CFLC is a numerical constant. 

Description of the SPH model --- Water was simulated by using SPH particles. There is no 

need for the modeling of the air domain in SPH. A water body of 4m (diameter)x 2m 

(height) was modeled as a cylindrical mesh, was chosen for the impact studies (number of 

SPH particles/nodes=1,23,570). The edges of the water were defined as fixed-SPH nodes 

allowing the water block to be relatively small in size. Figure 3.7 shows the plan of the 

SPH particle setup. The same material properties that were used in the ALE simulations 

were retained for the rigid object and the water domain for the SPH simulations.  

 

ij   2 2

ij ij

ij

ij

v r
h

r 




 

for 0ij ijr   

0   otherwise 
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Figure 3.7. Plan of the SPH Water domain and the WLO (Number of SPH nodes: 

712,000) 
 

Effects of Vertical Velocity Variation ---The vertical velocities ranged from 9.8m/s to 4.4 

m/s, of which 9.8m/s corresponds to Drop Test-I. SPH animation images of particle 

impingement (by the rigid body) are shown in Figure 3.8. Acceleration time history for a 

5m drop test (Figure 3.9) shows that the maximum impact acceleration is approximately 

49m/s2. 

  

 
 

Figure 3.8. SPH Animation images of the particle impingement at various time steps 
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Figure 3.9: SPH acceleration time history for a 5m drop height  

 

Note that the acceleration time history was filtered at 1000Hz using Butterworth filter 

(same frequency that was used to sample the experimental results) to remove the high 

frequency content that is part of modeling water using a compressible fluid solver. Figure 

3.10 shows a good comparison between the experimental and the ALE and SPH results for 

maximum impact acceleration. The graph indicates that the trend of impact accelerations 

increases with an increase in the entry speed. Figure 3.10 also shows the plot of 

accelerations obtained analytically vs. drop height for the WLO model (using the original 

radius of the WLO). It is important to note the values of maximum impact accelerations 

are almost identical for both von Karman and Wagner solutions.  
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Figure 3.10: Comparison of results for maximum acceleration with ALE and SPH 

[Weight of WLO = 2.03 kg (Case-I: Mechanical release)] (Vertical Entry/Entry 

Angle=0 deg) 

 

Effects of Entry Angle Variation (Pitch Tests) --- To determine the effect of varying the 

entry angle of the WLO upon impact; the entry angle was varied from 15 to 30 degrees. 

Comparative results with ALE from these tests are shown in Figure 3.11. As expected, the 

impact acceleration can be reduced by having the WLO enter the water surface at an angle. 

It is also important to note that the SPH results match reasonably well with the ALE results 

for the inclined impact tests. Though experimental investigation was not carried out for 

pitch tests to calibrate the numerical predictions, it is nevertheless interesting to observe 

the closeness of prediction results obtained by the two numerical models. This also 

demonstrates the usefulness of numerical simulations once the models have been calibrated 

by other experimental data. 
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Figure 3.11: Comparison of peak impact acceleration (pitch tests - ALE and SPH 

methods) 
 

Effects of Weight Variation --- Effect of varying the rigid body weight on impact 

accelerations was studied by varying WLO weight from 2.5 kg to 5 kg. A test for 3.5 kg 

corresponds to Drop Test-II involving an electromagnetic drop mechanism. The general 

trend shows a small advantage gained in reduced g-force for a large increase in weight. 

Figure 3.12 shows the comparison of experimental results from the electromagnetic release 

mechanism with the ALE and SPH formulation. Observe that the peak acceleration 

decreases linearly with the successive decrease in the height of drop and the peak 

acceleration is reduced due to the increase in the weight of WLO. Importantly, there is 

good comparison of the experimental results with both the numerical simulations. 
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Figure 3.12: Comparison of results for maximum acceleration with ALE and SPH 

[Weight of WLO = 3.5kg (Case-II: Electromagnetic release)] (Vertical Entry/Entry 

Angle=0 deg) 

 

The plot of accelerations obtained analytically vs. drop height for the WLO model (using 

the original radius of the WLO) is also shown in Figure 3.12. The plot also depicts that the 

values of maximum impact accelerations (obtained analytically) are almost similar for both 

von Karman and Wagner solutions. 

Mesh refinement studies --- To investigate convergence of the numerical solution,  a mesh 

refinement study of the numerical models with a rigid body at a zero-degree pitch angle 

using different mesh sizes for the impact interaction region, are analyzed (Figure 3.13). 

Mesh sizes coarser than 100mm near the impact zone not only fail to provide sufficient 

coupling between the rigid body and the air/water domains but also fails to model the water 

splash-up very accurately. Figure 3.13 shows that with a very fine mesh sizes the maximum 

acceleration values converge, hence, providing confidence in the methodology adopted to 
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simulate the complex event. The values of maximum impact acceleration with variation in 

the number of SPH particles are shown in Figure 3.14. Both figures show that with a finer 

mesh size the solution for maximum impact acceleration seems to converge but the mesh 

should be not be too fine to increase the computational time unnecessarily. 

 
 

 

Figure 3.13: Mesh size variation vs. Maximum impact acceleration 
 
 

 
 

Figure 3.14: Number of particles (SPH nodes) vs. Maximum impact acceleration  
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3.7 Performance studies of ALE and SPH  

 

Solving practical engineering analysis problems often requires use of large-scale numerical 

models (which can have several thousands or millions of nodes and elements) and access 

to the high-performance computing (HPC) platforms to achieve reasonable accuracy. 

Advanced numerical codes like ALE and SPH need such HPC platforms combined with a 

definitive model size to solve real time 3-D FSI problems. Model size plays a pivotal role 

in not only capturing the physics of the problem but also determines the computational 

effort needed to reach the full termination time. 

In the present case, the code used is an MPP version, i.e., it works on multiple processors. 

This capability enables us to take full advantage of High Performance Computing (HPC) 

platforms to model larger domains using fine discretization. A Dell Precision WorkStation 

690 with eight nodes (two processor socket quad core), Intel Xeon 3 GHz, 64GB RAM and 

loaded with 64 bit Redhat Linux Enterprise 5 is dedicated as a testbed. This is an example 

of a shared memory type of computing systems. The platform used is Linux RHEL 5.4 

with OS Level of MPICH 1.2.6 Xeon64. Compiler is Intel Fortran 10.1 with a Double 

Precision (I8R8). 

In addition to the model size, the run times also plays a significant role in determining the 

choice of the numerical code. This inherently provides the end users and scientists to 

proceed with a balanced approach in making a choice in terms of the available hardware, 

optimum model size and the accuracy in obtaining satisfactory test results. 

The performance of ALE and SPH model tests were studied for the typical case of a vertical 

impact of the WLO. The ALE test case had 732,552 nodes and 714,180 elements whereas 

the SPH case had 1,23,570 particles/nodes. The model was run on the OSU HPC platform 
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on various nodes and the estimated clock time was recorded for each run. Table 6 shows 

the execution time taken to execute the jobs on a single cluster by varying the number of 

CPUs. It also reports the speedup scale factors [which is the ratio of clock time using a 

single processor divided by the clock time using multiple processors (=N1/Np)]. The ratio 

of execution time for both ALE and SPH are also shown in the performance Table 3.5. 

Figure 3.15 graphically illustrate the performance using even number of processors (for 

two difference numerical methods). Figure 3.16 graphically demonstrates the ratios of the 

execution times for both ALE and SPH using number of CPUs. All these figures indicate 

that as the number of CPUs increases there is a significant reduction in the estimated clock 

time. The performance studies also reveal that the number of nodes used in the ALE tests 

is approximately seven times the number of nodes used in the SPH tests, but the ALE 

formulation is slightly faster than the SPH method. This is due to a very fine ALE mesh 

size for both the air and water domain. As evident from these figures, the user is now 

equipped with interesting design choices with the number of processors to achieve an 

optimal clock time for a given model.  

Ideally it is desirable to have linear speedup with respect to the number of processors used 

to run the model. However, Figure 3.17 shows the (speedup) scaling performance of ALE 

and SPH with increasing number of nodes. Note that scaling performance is far below 

linear and that they both show a similar trend. Hence, there is little gain in using more than 

10 processors for either of the numerical models. 
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Table 3.5: Performance study for the ALE and SPH test models  

ALE test model: Number of time steps = 33,246 

SPH test model: Number of time steps = 75,098 

Number of  

processors  

(ncpu) 

ALE 
 execution time 

(seconds) 

ALE-Speedup 

 (N1/Np) 

SPH  

execution time 

(seconds) 

SPH-Speedup 

 (N1/Np) 

SPH/ALE 

clock-time 

ratios  

 

1 73440 1 229132 1 3.12 

2 51718 1.42 160325 1.45 3.10 

4 48315 1.52 146394 1.65 3.03 

6 43200 1.70 133056 1.76 3.08 

8 31930 2.30 101218 2.20 3.17 

10 30347 2.42 97413 2.25 3.21 

 

 

 

 

 

Figure 3.15: Number of CPUs vs. estimated clock time for ALE and SPH test models 
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Figure 3.16: Clock-time ratios of SPH/ALE vs the number of CPUs 

 

 
 

Figure 3.17: Speed scaling of the performance of ALE and SPH (N1/Np) 
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3.8 Discussion and comparison  

 

The study of hydrodynamic impact between a body in motion and a water free-surface 

finds variety of applications in the aerospace and ocean engineering fields. The analytical 

approaches put forth by von Karman, Wagner and others provide us with the beginnings 

for a complete solution of the impact phenomena through use of numerical techniques such 

as finite elements. The effects of varying the vertical velocity, entry angle and the WLO 

weight were identified and the numerical results obtained from these tests help us 

understand and establish conditions that must be avoided during the water impact. For 

instance, if a crew member onboard the WLO cannot withstand impact accelerations over 

5 g , these results will give a glimpse of the initial conditions which will keep the peak 

impact accelerations under the specified limits. 

The application of multi-material Eulerian formulation and a penalty based Lagrangian-

Eulerian coupling algorithm combined with a proper working model for both air and water 

is shown to capture the water landing well. The current work, simulating the complex 

impact event, using ALE and SPH techniques, demonstrates some of the problems 

encountered when modeling air and water. The robust contact-impact algorithm of the 

current FE code simulated the behavior of water for a very short duration of time and the 

initial period was sufficiently long to establish the trends occurring under a wide range of 

conditions.  

Fluid properties of air and water are defined by the bulk modulus that gives relation 

between the change of volume and pressure. Reducing the speed of sound in water in the 

input to the order of about 10 times the celerity of wave, causes a significant reduction in 
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the bulk modulus, thereby resulting in faster execution time as the time step becomes 

bigger. Because the focus of the wave impact behavior is gravity dominated and not sound 

propagation sensitive. This technique provides a faster solution without sacrificing 

accuracy. 

The acceleration values obtained from the simulation results compared well with 

experimental values. Mesh refinement studies for both the numerical methods showed that 

maximum impact accelerations converge for a very fine mesh size and are adequate for a 

good comparative analysis. Importantly, there is a good comparison between the 

experimental and the ALE and SPH results for maximum impact accelerations for all the 

three cases of varying the vertical velocity, entry angle and the weight of the object.  

The application of multi material ALE technique and a penalty based coupling algorithm 

(used for large deformation of water at the free surface upon impact) currently can be 

properly analyzed only at the cost of high computational time. Use of the SPH method is 

notably less complicated in generating the model due to the absence of mesh and the ease 

with which it can successfully model the large deformation problems involving the water 

domain. The main advantage of using SPH is that it can capture the post impact dynamics 

(buoyancy effect) more graphically. However, the computational effort required of the SPH 

method is significantly higher than that of ALE (for multi-phase SPH domains) [16,22 and 

27]. 

An attempt was made to measure the pressure distribution and the structural deformation 

coming onto the WLO by treating it as a flexible body, to compare both ALE and SPH 

codes, but it was discarded due to the high computational time and expense. However, the 

maximum impact pressure that the WLO is subjected to upon touchdown with the water 
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surface is calculated using an FSI sensor (at the bottom of the WLO) using both the 

numerical methods.  

The WLO was assumed as rigid for convenience of comparison of the numerical results 

with closed form solutions for maximum accelerations predicted by the classical von 

Karman and Wagner. In order to emphasize the importance of the analytical estimates, the 

accelerations obtained analytically were plotted against the drop height for the WLO model 

(using the original radius of the WLO). In order to achieve accelerations comparable to the 

closed-form solutions, the analytical results show that, for the design of a WLO, the 

Wagner approach provides a reasonably correct estimate of the equivalent radius of the 

WLO. 

 

3.9 Concluding remarks 

 

A preliminary study of simulating the water landing of a conceptual Water Landing Object 

with an explicit numerical code is presented. The non-linear transient dynamic code with 

its finite-element ALE and SPH capability for analyzing large deformation structural and 

fluid dynamic applications is used to model the scaled down experiments. The present work 

is the first of its kind in testing a scaled-down model of WLO impacting ocean waters for 

the Indian Space Mission. An important aspect in evaluating the predictive capability of 

the FE-ALE and SPH is the accuracy and reliability of the numerical simulation results in 

determining the impact accelerations.     

A constrained Lagrange interface/contact is shown to successfully capture impact 

phenomenon between the object and the water target. The effects of varying the vertical 

velocity, entry angle and the WLO weight are identified and the numerical predictions are 
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first validated with experimental data for maximum impact accelerations. The maximum 

acceleration upon impact is about 5.5g for a 0-degree pitch angle (vertical velocity tests) 

and 4.5g for a 15-degree pitch test (pitch tests). Analyses were performed for the rigid 

object entering the water with different weights. The weight of 3.5kg corresponds to the 

experimental Case-II involving an electromagnetic drop mechanism. The general trend 

shows advantage gained in reduced g-force for a large increase in weight (3.8g for Case-II 

compared to 5.5g for Case-I). This indicates that the analyses performed can produce 

satisfactory results to use in design studies. 

An important feature in simulating contact and impact problems is proper modeling of the 

two-phase flow with the actual modeling of the air with associated density and state 

equation. Previous studies in simulations of impact events in the absence of air domain 

resulted in very high impact accelerations with a very high frequency content, which 

requires filtering when compared to experimental results. In addition to the modeling of 

the actual air domain, another important aspect that is usually ignored in simulating such 

complex FSI impact event is the positioning of the rigid body with respect to the water 

surface. A comprehensive study using both the “realizations” facilitates the capturing of 

the physics of the impact event accurately and provides data sets that are comparable to 

experimental test cases. 

Tasks performed in this study also include the comparison of the numerical solutions with 

analytical solutions for the rigid object and understanding the filtering techniques needed 

to predict the correct maximum impact accelerations. These predictions suggest that the 

fully coupled FSI models can capture the water-impact response accurately for all range of 
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drop tests and there is a good comparison between the simulations and the experimental 

results.  

Several observations can be made. Model testing is needed over a wider range of conditions 

to include improved tests that vary the speed, weight and entry angle and under realistic 

conditions existing in the oceans. Modeling of the rigid body impact problem used for 

correlation with the experimental results, demonstrates some of the challenging problems 

encountered when modeling the air and water domains. 

The possibility of combining the finite element package with a computational fluid 

dynamics package could more accurately simulate the hydrodynamics during impact. 

Further levels of complexity can be introduced to the model as well as scrutinizing the 

results further. Future work may include more in-depth analysis of the WLO water impact 

pressure distribution, fully deformable vehicles and floatation studies. The development of 

a more accurate numerical solution to capture the nonlinear nature of the FSI problem 

should be pursued by employing robust modeling of the basic physics of water impact. 

Finally, full-scale prototype testing is needed over a wider range of conditions to include 

cases with varying speed, weight and entry angle under realistic conditions existing in the 

oceans. 
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4 NUMERICAL MODELING OF FLUID SLOSHING INCLUDING 

AIR COMPRESSIBILITY EFFECT 

 

 

 
4.1 Abstract 

 

The contact and impact pressure in the case of fluid sloshing is investigated numerically 

for a forced rolling motion. A finite element (FE) based arbitrary Lagrangian-Eulerian 

(ALE) formulation is used to analyze the sloshing phenomena. Numerical simulation 

results are validated by comparing the pressure field data obtained from experiments. The 

predictive capability of the ALE-FE formulation in modeling a multi-physics problem in 

terms of the dynamics of the flow is validated for two different fluid fill conditions. 

Numerical simulation results for maximum impact pressure show good comparison with 

both experimental test cases. Given the complex nature of the gas/fluid phenomenon, the 

ambient air is often ignored in many numerical simulations in the literature. In this study, 

it is found that, for the low-filled condition, the effect of the presence of air has practically 

negligible influence on the pressure field (thus validating the “neglecting air” assumption). 

For the high-filled condition, numerical results also match well with experimental data, but 

only for those cases when the effect of air is included. In fact, a detailed sensitivity analysis 

for this high-filled condition shows that the pressure field is highly sensitive to the 

compressibility of air. Numerical simulations neglecting the presence of air consistently 

under-predict the maximum impact pressures by several orders of magnitude.  

Keywords: Fluid, air, sloshing phenomena, pressure field, compressibility, ALE-FE 
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4.2 Introduction 

 

Situations involving liquid impact on solid surfaces represent a class of mechanics that has 

broad practical applications. As the demand for natural gas grows, there is an increasing 

interest in floating production, storage, and off-loading systems for offshore oil and gas 

developments as transport tankers filled with liquefied natural gas (LNG). With the growth 

in ship size and the treacherous weather conditions in which these tanks have to maneuver 

there is a need for operating with less restricted filling levels than under current standard 

practice (Faltinsen et al. 2000). Consequently, one of the main concerns in the design of 

LNG tanks is the accurate prediction of impact loads caused by violent sloshing for the 

design of these tanks to ensure structural integrity. Experimental investigations have been 

conducted to study the sloshing loads due to the impact wave on walls (Berg 1987; Pastoor 

et al. 2005). However, available literature describing these test cases is scarce due to 

commercial proprietary restrictions. Difficulties in scaling of the experimental impact 

pressures has been extensively reported (Bass 1985; Berg 1987). The complex relation 

between impact pressures due to the collision of a breaking wave with a wall and it 

sensitivity to the shape of the wave surface profile was first studied by Bagnold (1939). 

Apparently for identical waves the pressure records show great variability (Peregrine 1983 

and 2003). For breaking waves of various types, the highest impact pressures occur when 

the air bubble trapped between the wall and the wave face is the smallest (Hattori et al. 

1994). For a low-filled condition, experimental and numerical showed that the liquid 

turbulence, viscosity, compressibility, and the liquid–gas density ratio are not significant 

parameters for the dimensionless impact pressure, while the wall flexibility, the gas 

cushioning, and the ullage pressure under a critical level are parameters significantly 
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affecting the impact phenomenon (Bass et al. 1985; Pastoor et al. 2005; Lee et al. 2007). 

Flow in a sloshing tank interacting with an elastic body was investigated by experimental 

and SPH numerical simulation results (Souto-Iglesias et al. 2008). The fluid used in their 

experiment was a vegetable oil with a viscosity fifty times that of water. Sinusoidal 

oscillation was prescribed to the tank. The amplitude and period of the motion along with 

the local displacements at the tip of the elastic body were examined and compared to the 

numerical simulations. Delorme et al. (2009) investigated experimentally and numerically 

the impact pressure in (non-pressurized) shallow water sloshing for forced rolling motions. 

Experimental results were compared with numerical ones obtained using a smoothed 

particle hydrodynamics (SPH) method. They developed new methods of calculating the 

pressures on the walls with the SPH method. 

Most practical applications of liquid impact on solid surfaces occur in the presence of a 

vapor or gas (Yung et al. 2010). This multiphase physics is complex, and the ambient vapor 

is shown to have a major influence on the maximum impact pressure. Yung et al. (2010) 

found that the ambient vapor is a critical component in analyzing this class of challenging 

multi-phase problems and their experimental data illustrates that ambient vapor/liquid 

properties and their interaction during an impact event can alter maximum pressures by as 

much as two orders of magnitude. They proposed a dimensionless “interaction index” 

based on an analysis of the experimental results. The postulated index is a function of the 

ambient vapor and liquid properties that accounts for their effects on the resulting pressure 

time history. The experimental results show that the interaction index performs remarkably 

well in physical tests over a broad range of vapor properties. 
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Aquelet et al. (2003) developed a finite element based ALE formulation to solve a fuel 

sloshing problem. They explained the analysis capabilities of the ALE by presenting a 

detailed formulation procedure and validated their numerical results against theoretical 

using potential flow for calculating the sloshing frequencies. Lee et al. (2007) developed a 

numerical solver based on the finite volume method with a volume of fluid (VOF) free-

surface tracking technique. Experimental and 2-D ALE numerical study on a low-filled 

sloshing problem was conducted by Lee et al. (2010). They studied the sloshing problem 

as a multi-physics problem with both the air and water phases. They carried out numerical 

simulation for a partially filled 2-D tanks subjected to a harmonic sway motions with 

various water depths and frequencies and compared them to experimental data. 

In this study an ALE-FE numerical method was used to simulate the multi-phase sloshing 

problem in a section of one of the tanks of an LNG vessel in operation, for which results 

from a series of experimental test cases are available. The experimental tests corresponding 

to a low-filling level condition for which traveling and breaking waves were found at the 

resonance condition (Delorme et al. 2009). A description of the numerical model and the 

ALE governing equations are presented first. It is followed by a brief description of the 

experimental sloshing setup. Importantly, details of the numerical simulations in terms of 

an ALE-FE methodology are shown with emphasis on modeling techniques. Subsequently, 

a qualitative and quantitative comparison of the physics of fluid sloshing between 

experimental test data and numerical results is presented. The main objective of this work 

is to estimate and compare the maximum impact pressure on the sloshing tank with 

experimental test data with careful examination of the physics of the wave breaking and 

impact process. Finally, a sensitivity study on the effect of air compressibility on the 
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estimation of maximum impact pressure for different fluid-filled sloshing conditions is 

presented. 

 

4.3 Governing field equations: Arbitrary Lagrangian-Eulerian (ALE) formulation 

 

This work utilizes an ALE formulation to model the air and water domains (Eulerian) 

whereas the rigid LNG tank (Lagrangian) is modeled using the standard finite element 

formulation. Coupling between the Eulerian set and the Lagrangian domain is performed 

using a contact-impact algorithm. The compressible Navier-Stokes equations in ALE form 

are solved over the entire computational domain. In the ALE description, an arbitrary 

referential coordinate is introduced in addition to the Lagrangian and ALE coordinates 

(Aquelet et al. (2003), Donea et al. (2004); Souli and Benson (2010)). The material time 

derivative of a variable with respect to the reference coordinate can be described as 

( , ) ( , )
( ) ( , )

dg X t g x t
v w gradg x t

dt t


   


        (1) 

where X  is the Lagrangian coordinate, x  the ALE coordinate, v  is the particle velocity, 

and w the grid velocity of the numerical simulation. The ALE differential form of the 

conservation equations for mass, momentum, and energy are readily obtained from the 

corresponding Eulerian forms: 

Mass: ( ) ( ) ( ) 0div v v w grad
t


 


   


      (2) 

Momentum: ( ) ( ) ( )
v

v w grad v div f
t

  


    


    (3) 

Energy: ( ) ( ) : ( )
e

v w grad e grad v f v
t

  


    


      (4) 
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where  is the mass density, f is body force vector (per unit volume), and e is the total 

energy.   denotes the total Cauchy stress given by: 

( ( ) ( ) ) 2 / 3
T

pI grad v grad v grad vI            (5) 

where p is the pressure, I  is the identity tensor,   is the dynamic viscosity, and ( )v w

is the convective velocity across the grid.  

 

4.4 Experimental set-up: Pressure field in forced roll motion 

 

The case studied here is a longitudinal section of a tank of one of the LNG membrane 

tankers built in the Puerto Real Shipyard of Navantia, at a scale of 1:50. Model dimensions 

are 90x58x5cm and the water depth is 9.3d cm  ( / 0.1d B  , where B is the width of the 

tank) (Delorme 2009). The tank is excited with a sinusoidal rotational motion with 

amplitude 0

max 4  about the mid-point of the tank bottom and with different excitation 

frequencies. The initial free surface is horizontal. When the motion starts, the rotational 

amplitude was ramped up linearly such that the tank acquires a sinusoidal motion after one 

cycle of oscillation. The oscillation angle is registered with an encoder placed on the 

rotation axis. A flush mount pressure sensor is placed on the tank wall at the initial height 

of the free surface, on the left side on the tank wall. The sensor sampling frequency is set 

to 2,400Hz with a low pass filter cut-off frequency of 400Hz (Delorme 2009).  

For of a simplest case of two-dimensional sloshing in a planar rectangular tank with finite 

depth, multidimensional modal analysis of nonlinear sloshing is given by Faltinsen et al. 

(2000) and importantly, exact analytical solutions to compute the natural modes and 

frequencies of sloshing and are given in Faltinsen and Timokha (2009). Fluid in the tank 
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is treated as incompressible which means that the velocity potential   exists for the fluid. 

As we are looking for time-periodic solutions with circular frequency 
i  and time period 

iT , the spectral boundary problem can be analyzed by solving the Laplace equation with a 

variable separable method with appropriate kinematic and dynamic boundary conditions. 

As a consequence, the Eigen frequencies and corresponding eigen modes are nontrivial 

solutions for these class of problems. Figure 4.1 shows the two-dimensional rectangular 

tank with the mean water level.  

 

Figure 4.1: Two-dimensional rectangular tank with mean water level 

The natural sloshing frequencies and periods are given as:  

tanhi

i i
g h

l l

 


 
  

 
; 

2

tanh( / ) /
iT

g i ih l l



 
 , 1,2,.....i                                          (6) 

where l and h are the length and quiescent water depth as shown in Figure 4.1. For the 

rectangular tank dimensions mentioned above, eqn. (6) gives the corresponding 

fundamental sloshing period as 
1 1.92iT s   (defined as 

0T  in Delorme et al. 2009). Three 

different excitation periods (T ) have been studied, one being the first sloshing period ( 0T ), 
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one case with a smaller period, and a third one with a larger period. The following notation 

has been used in the paper. 

 Case A: 
0

1.1T
T
  

 Case B: 
0

1.0T
T
  

 Case C: 
0

0.9T
T
  

Note that case B is for a resonance condition. These cases are representative of the different 

impact scenarios that can be found for this filling level, as will be discussed later. 

 

4.5 Numerical modeling and simulations 

 

The fully coupled FSI problem is discretized using the ALE-FE technique where both the 

air and water domains are modeled using solid brick elements (ALE formulation for the 

fluid domain and FE for the structure). The only solid part in the computational domain is 

the LNG tank and is modeled as rigid finite elements. A numerical solver for nonlinear 

dynamic analysis of structures in three dimensions (3D), LS-DYNA1 (Hallquist 2006), is 

used in the current study. Figure 4.2 shows the initial configuration for the ALE-FE 

simulation. Sloshing of water in the tank is studied as a two-dimensional phenomenon, 

consistent to the physical experiment. Numerical results are compared with experimentally 

measured pressure response to sinusoidal excitation.  

                                                           
1 Version: mpp971d R7.0.0 and Revision: 79055 
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An important feature in simulating contact and impact problems is proper modeling of the 

air-water interaction (Challa et al. 2014). In order to capture the physics accurately and 

reduce the often unrealistic high impact pressures, in this study actual air modeling is 

incorporated with a governing equation of state. Lee et al. (2010) though study sloshing a 

multi-physics problem do not show comparative results without air. 

 

Figure 4.2: ALE-FE simulation: Computational domain of LNG tank/air/water 

domains 

 

For the FSI problem considered, the structural response involves the impact of fluid(s) on 

a rigid body (LNG tank) due to the rolling motion of the tank (but not the motion of the 

tank itself). The contact interaction event now involves more than just the normal surface 

face of the inner tank walls. The influence of the sliding contact along the inner tank wall 

surfaces, as the fluid slides along the walls affects the impact pressures coming on the tank 

significantly. As a proper coupling of the contact interaction between the fluid domains 

and the tank is essential, the importance of the selection of simulation parameters also 

becomes important. The FSI model involves three components: water domain, air domain 

and the LNG tank. Figure 2 shows that the air domain is created on top of the water domain 
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to capture the air behavior and the air-water interface (characterized by the water free 

surface). The air-water mesh is modeled as a rectangular mesh (mesh size of 10mm grid, 

see Figure 4.2). There are 33,306 nodes, 27,000 solid elements with two solid parts of 

which there are 1500 rigid shell elements and 27000 deformable elements (air and water 

ALE three-dimensional solid elements).  

A fluid material with an equation of state is used to model the water and air domains with 

a mass density of 1000 kg/m3 and 1.29 Kg/m3, respectively. The LNG tank elements are 

given a rigid body definition with a mass density of 7850kg/m3, Young’s modulus of 

2.0 11E  N/m2 and Poisson’s ratio of 0.3. In the numerical computation of the coupled 

fluid-rigid body interaction, the code uses a penalty function method to determine the 

location of the common contact surface between the fluid and the rigid body that requires 

the input of artificial values of Young’s modulus and Poisson’s ratio of the rigid body to 

compute the penalty function spring stiffness for intermediate iterations (Challa et al. 

2014).  

The air-water domains are discretized using 8-noded solid brick elements and the LNG 

tank walls are discretized using 4-noded Belytschko-Lin-Tsay shell element formulation 

(Belytschko 1982; Hallquist 2006). This shell element formulation is used as it is 

computationally very efficient (Hallquist 2006). The Belytschko-Lin-Tsay shell element is 

based on a combined co-rotational and velocity-strain formulation. The efficiency of the 

element is obtained from the mathematical simplifications that result from these two 

kinematical assumptions. The co-rotational portion of the formulation avoids the 

complexities of non-linear mechanics by embedding a coordinate system in the element. 
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The choice of velocity-strain rate of deformation in the formulation facilitates the 

constitutive evaluation, since the conjugate stress is the more familiar Cauchy stress. 

A penalty type coupling of interface/contact is used to model the impact event between the 

LNG tank and the air-water domains. This type of interface/contact is mainly used when 

there is a need for the Arbitrary Lagrangian and Eulerian (ALE) transformations for the 

impact scenario. Coupling is between a Lagrangian mesh (slave) of shells to the material 

points of an Eulerian mesh (master surface). In this, the moving surface of three-

dimensional tank walls (Lagrangian mesh) is treated as the slave surface, and the target air-

water solid mesh is treated as the master surface. Note that the penalty method is used in 

explicit finite element programs that consists of placing normal interface springs between 

all penetrating nodes and contact surface.  

A slip boundary condition is imposed to the fluid flow on the rigid tank to allow the fluid 

to move freely along and be able to detach from the side walls and the bottom. The 

boundary conditions employed in the numerical model are partially the material surfaces 

(out-of-plane, in-plane and bending restraint). The material surfaces defined in the ALE 

formulation are: (a) no particles can cross them, and (b) stresses must be continuous across 

the surfaces.  

The elements of the both the air and the water domains are given the null hydrodynamic 

material type that allowed a new equation of state to be specified. An equation of state with 

a linear polynomial form is used to define the initial thermodynamic state of the material 

and pressure is given by (Hallquist 2006): 

2 3 2

0 1 2 3 4 5 6( )p C C C C C C C E               (7) 
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where 0 6C   are user-defined constants, E is initial energy per initial volume, and the 

volumetric parameter  is defined as: 

1
1

V
               (8) 

where  V  is the relative volume given as: 

0V



            (9) 

with 0  as the reference mass density (which might be different than the current mass 

density if the material experiences compression or expansion throughout the simulation). 

The constant 
1C  in Equation 6, when used by itself, is the elastic bulk modulus 

( 2

1 sC c ), where   is the mass density of the material and 
sc  is the sound speed in 

air/water ( 1,484 /sc m s for water and 343 /sc m s for air)2. However, in the 

computations, providing the 148.4 /sc m s  constant only and setting all other constants to 

zero is sufficient to define the equation of state for water as the pressure is not significantly 

influenced by temperature changes for the cases considered in this study. Hence the values 

of 
1C  for air and water domains are 21 05 /E N m  and 21 07 /E N m , respectively. The 

time step in the numerical simulation is governed by the Courant-Friedrichs-Lewy (CFL) 

number which is a necessary condition for stability while solving the partial differential 

                                                           
2 Sound speed in water plays a significant role in determining the integration time step and also the total computational time. Time step 

can be artificially increased for fluids without affecting the accuracy of the fluid motion computation but can significantly reduce the 

computational effort by allowing a significantly large time step (Lee et al. 2007). Minimum sound speed applied should be about ten 

times greater than the maximum expected flow speeds (Dalrymple and Rogers 2006). Sound speeds of 1,484m/s (i.e., the exact value), 

148.4m/s and 14.84m/s, are used to test the computational efficiency and the predictive accuracy. Observation revealed that the 

numerical model diverges when the selected sound speed is 14.84m/s (100 times less than real sound speed). On the other hand, the 

numerical model predictions are accurate when the selected sound speed is 148.4m/s (ten times less than real sound speed). The 

associated computational effort using  148.4m/s sound speed is one fifth of that using the real sound speed (1,484m/s), and the maximum 

difference in the predictions is about 2%. Therefore, the sound speed 148.4m/s is employed in all subsequent computations in this study. 
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equations. For the ALE-FE simulations, as the mesh does not distort and the material 

advects in time, the time step size is computed by the program and for this particular 

problem it is 1.25E 05s  which is constant throughout the simulation. 

 

4.6 Systematic study of wave breaking and impact process 

 

A systematic numerical study is conducted to analyze the physics of fluid sloshing process 

in the tank for three different excitation periods (around model resonance). First case 

corresponds to a larger period (above the resonance frequency: case A), second case 

corresponds to the first sloshing period (resonance condition: case B) and the third one 

correlates to the one with a smaller period (below the resonance frequency: case C). 

Particularly, the physics of sloshing process in the tank is analyzed for all the cases by 

studying the motion of the fluid in the tank for one full oscillation cycle and then by taking 

a closer look at the wave breaking and impact process on the tank walls itself. Results for 

fluid sloshing in the tank for one full oscillation cycle (Figure 4.3) and the plunge type 

breaking process (Figure 4.4) shown below demonstrate that the fluid motion in the tank is 

practically periodic. Corresponding experimental results for the first sloshing period 

(resonance case B) in the form of snapshots are shown in Delorme et al. (2009) (Figures 2, 

3 and 4 respectively, not presented here due to copy right restriction). Though experimental 

results in Delorme et al. (2009) are confined to the resonance case B alone, in this paper, 

we show the numerical simulation results for all the cases.  
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4.6.1 Fluid flow in the tank for one full oscillation cycle 

 

Figure 4.3 shows the frames from the numerical simulations of the impact event (for one 

full oscillation cycle of the tank) for all the cases. Experimental results show that the 

complexity of the wave impact phenomena is due to the air-water mixture entrapping air 

bubbles around the impact zone [see Delorme et al. (2009) Fig. 3]. Comparative numerical 

simulation results shows that the entire sloshing process along with the fluid-free surface 

and the breaking process is well reproduced. Results for case A (Figure 4.3(a): Frames A1-

A9)) shows that the wave breaks much earlier and farther away from the tank wall due to 

the slower motion of the tank. Of particular interest are the results for the resonance case 

B (Figure 4.3(b): Frames B1-B9). At the beginning of the oscillation cycle, frame B1 show 

that a wave front reaches the left end of the tank at which point a secondary wave starts to 

form and propagate at the right wall. The wave front at the left begins to impact the tank 

wall (B2). Frame B3 shows that when the tank reaches its maximum oscillation angle to 

the left, the wave front violently impacts the left end of the tank with high velocity, and the 

fluid slides up the tank wall. Subsequently, the tank starts oscillating to the right and the 

fluid falls down under the action of gravity and the collapsed wave starts its journey to the 

middle of the tank (shown in frame B4). This results in the formation of a steep wave crest 

(B5). The wave crest observed in frames B4 and B5 reach the right end of the tank, ready 

to break and create another impact event, this time on the right end of the tank wall (shown 

in frame B6-B9). Results for case C (Figure 4.3(c): frames C1-C9) shows that the impact 

event is very violent because of the faster motion of the tank. The fluid mixes with the 

entrapped air and the main wave breaks just before reaching the wall which then 
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convalesces on the wave face and the consequently formed wave impacts on the tank wall 

directly after the tank has already started its motion in the opposite direction. For all the 

cases, this entire process of wave travelling from one end to the other based on the 

oscillation cycle of the tank is quite repetitive resulting in a periodic wave breaking and 

impact process.  

 

A1 

 
 

A2 

 
 

A3 

 

A4 

 

A5 

 

A6 

 

 
 

A7 

 

A8 

 

A9 

 
 

(a) Case A: Frames A1-A9 correspond to /t T = 5.37, 5.46, 5.51, 5.61, 5.70, 5.84, 5.97, 

6.04, 6.14 

 

 

 

B1 
 

 

B2 
 

 

B3 

 
B4 

 

B5 

 

B6 

 

 
B7 

 
  

B8 

 

B9 

 

(b) Case B: Frames B1-B9 correspond to /t T = 8.78, 8.82, 8.91, 9.03, 9.09, 9.14, 9.18, 

9.24, 9.37 
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C1 

 
 

C2 

 

C3 

 

C4 

 

C5 

 

C6 

 
 

C7 

 
 

C8 

 

C9 

 

 (c) Case C: Frames C1-C9 correspond to /t T =7.56, 7.67, 7.78, 7.84, 8.01, 8.17, 8.22, 8.28, 

8.37 

Figure 4.3: ALE-FE simulation results of the impact event for one oscillation cycle.   

 

4.6.2 Plunge-type wave breaking process 

 

The general trend of the sloshing process in the tank for all the cases shows that the flow 

in the tank is composed of a main wave, traveling from one side of the tank to the other, 

breaking during its propagation and impacting the tank wall. The simulation results show 

that the free surface motion is well reproduced and the water motion in the tank is 

qualitatively periodic, including the breaking process. Numerical simulation results 

highlight the fact that it is predominantly the air-water mixture (with the entrapped air) that 

impacts the tank walls first for each oscillation cycle (Hattori (1994)). Numerical 

simulation results for cases A (Figure 4.4(a)) and C ( Figure 4.4(c)) also capture the physics 

accurately, results for the resonance case B (Figure 4.4(b)) are interesting as the plunge-

type wave breaking process occurs close to the wall and therefore discussed in detail. 

Numerical simulation for case A (frames A1-A6) shows that the sloshing is periodic with 

a plunge-type breaking occurring farther away from the tank walls than compared to case 
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B (frames B1-B6) where the breaking and impact occurs close to the walls. Appropriately, 

for the resonant case B, Figure 4.4(b) shows the numerical simulation results of the wave 

breaking process which occurs on the interior of the free surface away from the wall 

boundaries. In this particular resonance case, the breaking event is a plunging breaker 

(entrapping air). Two water jets are formed successively: a first jet appears in the first 

quarter of the tank (B1), it enters into the wave face (B2) and an initial phase of a jet appears 

(B3). The jet grows in amplitude (B4 and B5) and then plunges and impacts the unperturbed 

water free surface (B6). Interestingly, in case C (frames C1-C6) as mentioned above, the 

wave front impacts the tank walls directly without breaking.   

 

A1 

  

A2 

 

A3 

 

A4 

 

A5 

 

A6 

 

(a) Case A: Plunge-type breaking process 

 

 

B1 B2 B3 

B4 B5 B6 

(b) Case B: Plunge-type breaking process 
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C1 

 

 

C2 

 
 

 

C3 

 
 

C4 

 
 

C4 

  
 

C6 

 
 

(c): Case C: Wave impacting the tank 

 

Figure 4.4: ALE-FE simulation results: All frames are equally separated in time 

/ 0.021t T  . 

 

Figure 4.5 shows the numerical results of wave shape just before the first impact on the left 

tank wall. Experimental snapshots of the wave shape just before the first impact for all the 

cases is shown in Fig.3 in Delorme et al. (2009). As mentioned above, the wave breaking 

and impact process is different for all the three cases owing to the different speeds of the 

tank motion. Particularly in case A (
0/ 1.1T T  ) the wave breaks much earlier and farther 

away from the tank walls with lesser energy due to the slower motion of the tank. For the 

resonance case B (
0/ 1.0T T  ) the breaking event is a plunge-type breaker entrapping air 

and the wave front (with an air-water mixture) impacts the tank close to wall. Motion of 

the tank is faster in case C (
0/ 0.9T T  ), the impact event is very violent, and it is marked 

by a main wave that breaks just before reaching the tank wall leading to high impact 

pressures.  
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Case A  Case B Case C 

Figure 4.5: ALE-FE simulation results: Pictures of the wave shape just before the 

first impact for Cases A–C 
 

Figures 4.3, 4.4 and 4.5 show that qualitatively there is good agreement between the 

experimental and numerical simulation results even when the sloshing phenomena 

involves, overturning waves and subsequent impact on the tank walls. The impact zone for 

all the cases is near the pressure sensor which is located on the left end of the tank wall. 

Quantitative numerical simulation results in terms of the maximum impact pressure 

obtained from the pressure sensors are shown in the following sections. 

 

4.7 Quantitative comparison of angle and pressure results 

 

 

Figures 4.6(a), 4.7(a) and 4.8(a) show the experimental angle and pressure time series 

(Delorme et al., 2009). Time has been normalized and made dimensionless with respect to 

the excitation period, and by the same token, pressure with the hydrostatic pressure (
0P ) at 

the reference depth ( d ), and angle with the maximum angle of excitation (
max ). Due to the 

highly stochastic nature of the pressure in these class of impact problems (Bagnold 1939), 

the first peak at each cycle results from the impact of the wave and presents a random 

behavior since the duration of the impact is very short and the impact pressure is extremely 

sensitive to the shape of the wave just before impact (Bass et al., 1985; Berg 1987; 
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Peregrine 2003). The ALE-FE simulation results for all the three cases A-C are shown in 

Figures 4.6(b), 4.7(b) and 4.8(b). The pressure time history is qualitatively repetitive at 

each cycle. Comparison with experimental time series (Figs. 2, 3 and 4 of Delorme et al. 

(2009) show that the maximum impact pressure calculated from the numerical simulations 

(during impact at each cycle) compare well those measured experimentally. This can be 

attributed to the proper modeling of the air domain and the resulting two-phase flow. 
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(b) ALE-FE simulation results 

 

Figure 4.6: Dimensionless pressure and dimensionless angle vs. dimensionless time 

for case A 
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(b) ALE-FE simulation results 

 

Figure 4.7: Dimensionless pressure and dimensionless angle vs. dimensionless time 

for case B 
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(b) ALE-FE simulation results 

Figure 4.8: Dimensionless pressure and dimensionless angle vs. dimensionless time 

for case C 

 

Quantitative comparison of the experimental time series (Figures 4.6(a), 4.7(a) and 4.8(a)) 

with ALE-FE numerical simulation results over the first impact event are shown in Figures 

4.9(a), 4.9(b) and 4.9(c). These comparative results show that the global shape of the 

pressure curve is well reproduced for all the test cases. Note that the pressure sensors are 

located on the left wall of the tank (at the impact zone), in flush with the air-water interface. 

It is interesting to note that, in case A (Figure 4.9(a)), the impact occurs when the tank has 

not reached its maximum angle. As the impact zone in this case is located below pressure 

sensor position, the first peak recorded is because of the wave front (which is a plunging 

type wave breaking process with an air-water mixture, see Figure 4.4(a): frames A4-A6) 

hitting the pressure sensor. Then the fluid goes up along the tank wall and the pressure 

curve passes through a local minimum. As soon as the remaining part of the wave arrives 
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and impacts the pressure sensor during which time the tank is moving in the opposite 

direction, a second local maximum pressure is recorded. Subsequently, as the tank is 

already moving in the opposite direction, the fluid is pushed out of the tank walls and the 

pressure recorded is zero. 

For the resonance case B (Figure 4.9(b)), the impact occurs precisely at the instant when 

the tank reaches it maximum rotation angle and a similar pressure curve (as seen in Figure 

4.9(a)) with multiple pressure peaks are recorded. Higher value for the pressures are 

recorded as the impact zone is at the location of the pressure sensor. Also note that for case 

B, the front of the wave reaches the tank wall later in the oscillation cycle. A secondary 

wave propagating in the tank (Figure 4.3(b): frames B1-B4) traveling with a phase lag with 

respect to the main one resulting in a third peak. 

However, for case C (Figure 4.9(c)), the impact occurs well after the tank has reached its 

maximum angle of rotation and when it starts moving in the direction opposite to the 

wave’s motion. The maximum pressure recorded in this particular case are much higher 

than those compared to cases A and B.  This is because, during the point of impact, the 

plunge-type breaking wave is not fully developed and fluid and air do not mix (see Figure 

4.4(c): frames C4-C6). The impacting wave rebounds on the upwardly moving water and 

impacts the pressure sensor recording a very high pressure peak.  
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(a) Case A: Zoom of Figs. 6(a) and 6(b) over the first impact event 

 

 

 

(b) Case B: Zoom of Figs. 7(a) and 7(b) over the first impact event 
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(c) Case C: Zoom of Figs. 8(a) and 8(b) over the first impact event 

 

Figure 4.9: Experiment and ALE-FE simulation result comparison 

 

Figure 4.10 shows the images from the numerical results for the first five impact events for 

all the three cases A-C. It can be observed that the plunging wave breaking process is very 

well captured by the numerical simulations (including the air-fluid mixture near the impact 

zone). Please refer to Fig. 7 of Delorme et al. (2009) for the experimental snapshots of the 

first five impact events. 
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Figure 4.10: ALE-FE simulation results: Pictures of the first five impact events for 

Cases A–C 

 

 

 

4.8 Estimation of maximum impact pressure 

 

Sloshing is a highly complex nonlinear phenomenon and the impact pressure can be 

considered as a random process owing to its strong dependence on not only the details of 

the wave’s shape just before impact but also the mixing of the air and the water (Bass et al. 

2005; Peregrine 2003). In order to evaluate this dependency, the pressure maximum at each 

oscillation cycle is obtained for three different runs for all cases, each run containing more 

than thirty oscillation cycles. Table 4.1 shows the comparison between the experimental 

and ALE-FE simulation results for the average of the dimensionless pressure maxima for 

each case. Table 4.1 shows that the numerical simulation results tend to overestimate the 

pressure maxima. Maximum impact pressure for case A is 1323Pa, for case B it is 1880Pa 

and for case C it is 2053Pa. Table 4.1 also highlights the fact that, as the amount of the air 

trapped decreases gradually from case A to C, the maximum impact pressure increases 
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linearly (Hattori 1994). Therefore, the maximum pressure coming on to the tank walls in 

this particular low-filled sloshing problem if for case C and it is 2053Pa.  

Table 4.1: Statistics on the dimensionless pressure maxima 

Case A B C 

Dimensionless pressure maxima: 

Experiments (Delorme et al. 2009) 

0.859 1.71 3.23 

Dimensionless pressure maxima: 

Numerical  

1.84 2.02 2.25 

 

 

Experimental results given in Delorme et al. (2009) emphasize the fact that in both case A 

and case B, the air–water mixture is not the same for each cycle, but smaller variations in 

the pressure curve are registered, due to the presence of air bubbles, which tend to smooth 

out the impact. Numerical simulations on the other hand cannot capture this phenomena 

hence resulting in higher pressure maximums for these cases. However, where the breaking 

event is not fully developed during the impact and the air entrapped is minimum the global 

wave shape at each sloshing cycle is well reproducible.  It is important to note that the first 

impact event for each oscillation shows less variability than the impact from one cycle to 

the next. Though the numerically obtained dimensionless pressure maxima (Table 4.1) are 

slightly higher than those obtained by experimental data, the general agreement of the 

pressure field is quite good.  
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4.9 Pressure impulse analysis 

 

In order to understand the discrepancy between experimental and numerical values of the 

maximum impact pressure on the tank wall over the impact duration, the pressure impulse 

has been calculated for the ALE-FE simulation results and averaged in order to provide the 

mean value of the pressure impulse over the oscillation cycles. The pressure impulse is the 

integral of the pressure over the duration of the impact. This characteristic is useful when 

analyzing the impact of a wave since it is more consistent than the value of the maximum 

pressure (Peregrine 2003). Figures 4.11(a), 4.11(b) and 4.11(c) shows the comparison 

between the experimental and ALE-FE dimensionless pressure impulse versus the 

oscillation cycles for cases A, B and C respectively.  

Table 4.2 shows the comparative mean values for the pressure impulse between the 

experimental and simulation results. Results show that pressure impulse estimated by the 

numerical simulations compare well with those obtained by experimental data. This can be 

attributed to the multi-phase flow characteristics of the sloshing phenomenon. 
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(b) Case B 

 

 

(c) Case C 
 

Figure 4.11: Experimental and numerical pressure impulse comparison: 

Dimensionless pressure impulse vs. oscillation cycle 

 

 

 

 

Table 4.2: Experimental and numerical mean values for the pressure impulse 

Case A B C 

 

Pressure impulse: Experiments 

(Delorme et al. 2009) 

0.21 0.26 0.22 

Pressure impulse: Numerical 0.224 0.254 0.2116 
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4.10 Multiphase physics with air model and sensitivity of pressure field to air 

compressibility 

 

Brief description of the effect of compressibility on the equation of the fluid flow 

(assuming an adiabatic process), the governing equations for fluid motion are usually based 

on the conservation of mass and conservation of linear momentum. Assuming the body 

forces to be conservative, the governing equations can be written as, 

0
D

u
Dt






            (10) 

ij

D u
E

Dt
  



            (11) 

Respectively, where  is the fluid density, t is the time, ij is the stress tensor, E is the 

body-force scalar potential (e.g. E gy  ), the operator 
D

Dt
is the material derivative 

(
D

u
Dt t

 
  


), 

and  is the del operator. For Newtonian fluids, the stress tensor ij is linearly proportional 

to the gradient of velocity vector, and we find 

ij ij ijp S    ; 
1

2
3

ij ij ijS e u 
  

    
  

; and 
1

2
ije u u

  
     

  
, 

where p is the pressure, defined as the isotropic part of the stress tensor, i.e. 

 
1

3
iip Trace  ,   is the dynamic viscosity of the fluid (the proportionality constant 

between the stress tensor and the velocity gradient, and it is a function of temperature), ijS
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is the deviatoric stress tensor, ije is the rate-of-strain tensor, and the superscript, and T

denotes the transpose. The consequence is that pressure p is only a function of the density 

 of the fluid; that is, mathematically, ( )p p  . The equation of state expressing the 

relationship between pressure and density (Faltinsen 2009) can be rewritten by the 

continuity equation. Eq. (4) can also be expressed as  

2 i
i

i i

up p
u c

t x x


 
  

  
 where 

p
c







      (12) 

In order to avoid nonlinearities, the quantity 2 p
c







in eqn. (14) is considered at 
0  . 

Alternatively, the governing equation relating the speed of sound and the density of fluid 

and its bulk modulus can also be expressed as 

2

v
s

v s

E
c

E c









          (13) 

where 
vE is the bulk modulus for elasticity. Note that the bulk modulus in eqn. (13) is the 

same as the one that was used in the numerical simulations ( 2

1 sC c ). 

Numerical test cases where also conducted for the low-filled fluid sloshing without the air 

domain and the results of the impact pressure time history are similar to those obtained 

with the air and hence not shown here. Experimental and numerical studies conducted in 

the past confirm this finding that for a low-filled condition, liquid turbulence and 

compressibility are not significant parameters for estimating the dimensionless pressure 

maxima (Pastoor et al. 2005). However, a mixture of gas and liquid can significantly 

influence the speed of sound (Lee et al. 2007; Souto-Iglesias et al. 2008). In order to 

understand the compressibility effects  of modeling the air in the case of a low-filled water 
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sloshing problem where the flow is predominantly multi-physics in nature, the bulk 

modulus of the air (
1C ) was reduced in steps of 1/10th of the original value to examine the 

variation of the maximum impact pressure. Table 4.3 shows the results of maximum impact 

pressure for varying bulk modulus for all the three cases. Results from the table show that 

for a low-filled tank sloshing, the variation in the non-dimensional pressure maxima 

remains almost consistent for most of the cases (with a slight deviation for the case where 

the bulk modulus value is 1/1000th of the original value). This also underscores the 

importance of air modeling in smoothing the pressure response during its impact on the 

wall. The large difference between the non-dimensional pressure maxima for the original 

bulk modulus compared to the smallest case can be attributed to the incompressible nature 

of the fluid and theoretically for such a scenario the impact pressures are significantly 

higher (Table 4.3). In order to illustrate the results shown in Table 4.3 better, the effect of 

varying the bulk modulus of the air on the maximum impact pressure is shown in Figure 

4.12. The figure shows that the pressure field in rolling motion is broadly insensitive to the 

bulk modulus of the air in the case of low-filled sloshing scenario. 
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Table 4.3: Impact pressure response maxima for varying bulk modulus (cases A-C) 

Numerical 

Test 

Cases 

Air  

Bulk Modulus 

 (Pa) 

 

 

Non-dimensional Pressure Maxima 

 

 

Case A 

1.00E+05 1.84 

1.00E+04 1.89 

1.00E+03 1.92 

 

Case B 

1.00E+05 2.02 

1.00E+04 2.15 

1.00E+03 2.19 

 

Case C 

1.00E+05 2.25 

1.00E+04 2.55 

1.00E+03 2.64 

 

 

Figure 4.12: Non-dimensional pressure maxima vs. Bulk modulus (N/m2) (Results 

shown are for all the three cases and values are from Table 3) 

 

In order to further understand the role of modeling the air in this multi-physics problem in 

general and the effect of varying the bulk modulus of air, simulations were carried out for 

a high filled sloshing situation for which experimental results are available (Yung et al. 
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2010). The main goal of their work was to carry out a series of experiments to study the 

effect of ullage conditions on liquid sloshing and to investigate the phenomena of wave 

run-up impact on the container roof and breaking wave impact on the container walls. The 

tests were divided into two main categories: (i) water with various gases (air, nitrogen, 

helium and sulfur hexafluoride) at room temperature and (ii) water and steam. However, 

water interaction with air alone is of interest in this particular numerical study. 

The test section (container) is a rectangular carbon steel pressure vessel with inner 

dimensions of length x height x depth = 1250 x 400 x 100 mm. The test tank was subjected 

to a simple harmonic motion along the horizontal direction near the first resonant mode of 

the free surface. Two different fill levels were tested, one with a fill level of 323mm (80% 

of depth, or the free surface of 77mm from the tank roof) and the other with a fill level of 

358mm (90% of depth, or the free surface of 42mm from the tank roof), both with the same 

oscillation amplitude of 50mm at 0.57Hz ( 1.754T s ). Note that the fundamental sloshing 

periods (resonance condition from equation (6)) for the 80% and 90% fill cases are 

0 1.54T s and 
0 1.49T s , respectively. As the tests were conducted in harmonic 

oscillations higher than resonance (80% fill: 
0/ 1.14T T   and 90% fill: 

0/ 1.17T T  ), each 

oscillation produced a sloshing event and the maximum impact pressures on the top of the 

wall were recorded. Nine sensors (with a sensing diameter of 5mm) were arranged in an 

array (placed 1cm apart) centered on the roof panel at the wall junction were to calculate 

the dynamic pressure. Each experimental test case lasted 600 seconds with all the nine 

channels sampling at a very high rate of 100 kHz.  

The same numerical formulation approach that was used to model the low-filling sloshing 

case is used to simulate both the high-filling sloshing situations. The computational domain 
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and the sensor locations are per the design provided by Yung et al. 2010. The experimental 

results were sampled at a very high sampling frequency (100 kHz) making it impossible to 

compare the pressure time histories with those obtained by numerical simulations. 

Maximum allowable sampling frequency in the numerical simulations was 10kHz. In 

addition, the simulations were carried out for only 15 seconds, taking the computational 

time into account (estimated clock time for a 10mm grid was 378 hours). However, a 

10kHz sampling frequency along with the actual air model was sufficient to capture the 

maximum impact pressure (if not the entire pressure time history). Though precise 

matching of the numerical simulation results with experimental data is not the objective of 

this study (as the proprietary experimental data is not available in the literature), 

significance of modeling the air is. Sensitivity of the impact pressure to air compressibility 

is another aspect that is highlighted in this study. Specifically, the 80% and 90% fill 

sloshing cases are used to study the effect of air modeling on the impact pressures and to 

further study the sensitivity of the pressure response to the variation of bulk modulus of 

air. Simulations were conducted for three different resonance frequencies and the results 

shown below are for the one which the highest sloshing frequency as the impact pressures 

coming on to the tank are found to be highest in this particular case. 

Figure 4.13 shows the impact pressure time history with the air/water interface for the 80% 

fill case. Results show that for a high-filled condition where the wave run-up impacts the 

container roof leads to large pressures accompanied by oscillations. Figure 4.14 shows the 

impact pressure time history in the absence of the air domain. Note that, for brevity, 

simulation results for the 80% fill sloshing case are only presented as the results of 90% 

fill case look similar to those shown in Figures 4.13 and 4.14. However, the results obtained 
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from the 90% fill case are presented in Table 4.4, which shows the comparison of the 

maximum impact pressure response for different bulk modulus of air for both the cases. 

Figure 4.15 shows the comparative results between the experimental and numerical 

simulations for the non-dimensional pressure maxima for the highest pressure peaks for 

the two different fill conditions. Note that the maximum impact pressure values presented 

in Figure 4.15 are non-dimensionalized by the atmospheric pressure (
airP ). 

The difference between the experimental and numerical results for the 80% and 90% fill 

cases are -12% and 12.5%, respectively. In the absence of the air the comparative 

difference between the numerical test cases with and without air for 80% and 90% fill cases 

are approximately 47% and 122.1%, respectively, which confirms the importance of 

modeling of air in high-filled sloshing cases. 

 

 

Figure 4.13: Impact pressure time histories with the air/water interface (80% Fill) 
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Figure 4.14: Impact pressure time history without air domain (80% Fill) 

 

 

Figure 4.15: Non-dimensional pressure maxima for highest pressure peaks for two 

different fill conditions (comparison between experimental and numerical 

simulation results) 
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varying bulk modulus of air. The comparative results of maximum impact pressure in the 

absence of air is also shown in Table 4.4. In order to visualize the data shown in Table 4.4, 

the results are shown in Figure 4.16. Note that the results shown depict the average of the 

ten largest pressure peaks. The results from Table 4.4 reveal that the maximum impact 

pressure for the case without air is larger than the one with air for the fill cases by close to 

a fraction of two, accentuating the fact that modeling the actual air is significant in these 

class of high-filled sloshing problems. Both Table 4.4 and Figure 4.16 depict that the 

maximum pressure response is also sensitive to the bulk modulus of the air. Slight variation 

in the bulk modulus analogous to different ullage pressures for the gas/water mixture can 

lead to significantly high impact pressures on the sloshing vessel.  

 

Table 4.4: Maximum impact pressure response for two high-filled sloshing 

situations for different bulk modulus values of air  
 

Numerical 

Test 

Cases 

Case I: 80% Fill 

 Case II: 90% Fill 

Air  

Bulk Modulus 

 (Pa) 

 

 

Maximum Impact Pressure (kPa) 

 

 

 

 

Case-I 

80% Fill 

I(a) 1.00E+05 106.665  

I(b) 1.00E+04 118.101 

I(c) 1.00E+03 151.745 

Case-I 

80% Fill 

 No-Air 

I(d) - 178.333 

 

 

Case-II 

90% Fill 

II(a) 1.00E+05 113.485 

II(b) 1.00E+04 156.220 

II(c) 1.00E+03 186.216 

Case-II 

90% Fill 

No-Air 

II(d) - 223.928 
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Figure 4.16: Maximum impact pressure (N/m2) vs. Bulk modulus (N/m2) (Results 

shown are for two high-filled sloshing cases and values are from Table 4.4) 
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4.11 Conclusions 

 

A systematic numerical simulation study was conducted to analyze the physics of fluid 

sloshing process in a tank subjected to a forced rolling motion. Three different excitation 

periods are examined first for a low filled condition: below resonance, at resonance, and 

above resonance. The accuracy of the numerical simulations is validated against qualitative 

and experimental data. 

Numerical simulation results show that the fluid sloshing in the tank is practically periodic 

with wave breaking in the interior of the fluid domain or impacting the tank walls. The 

wave breaking and impact process is investigated further by analyzing the sloshing 

scenario for a typical oscillation cycle and for the plunge type breaking process in the tank. 

Numerical simulation results are shown to accurately capture not only the global sloshing 

scenario in terms of the fluid free surface but also the overall dynamics of the wave 

breaking and impact process. Though the available qualitative experimental results are 

limited to the resonance case alone, this study provides the results for all the three excitation 

periods. 

Quantitative numerical simulation predictions, with a specific focus on estimating the 

maximum impact pressure, are compared to experimental data. Results show that the 

maximum pressure occurs at an excitation frequency that is higher than the first sloshing 

frequency (case C) where the amount of air entrapped is significantly less. Maximum 

impact pressure results for all the cases show that the numerical simulations appear to 

slightly over predict the impact pressures. This can be attributed to the complex random 

nature of the air-water-bubble mixture at the impact zone (which tends to smooth of the 

impact pressures). Thus perfect matching of pressure time histories and individual peaks 
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should not be expected of the simulations. However, the impact behavior of the pressure 

response is well reproduced. 

Due to the highly nonlinear and complex behavior of the maximum impact pressure during 

the time of impact with the tank walls, the numerical simulation results presented in terms 

of pressure impulse (not just the pressure maxima) showed greater consistency as the 

variation of the pressure impulse with the oscillation cycles is minimal. 

The sensitivity of the pressure field to the multiphase physics with an air model is carried 

out in the form of a detailed parametric study for two fluid-fill situations. For the low-filled 

fluid situation the maximum impact pressure on the tank walls is extracted for different 

values of bulk modulus of air. Numerical results show that the air compressibility has 

negligible effect on the non-dimensional pressure maxima for all the three excitation 

periods. Though the complex air-water mixture at the impact zone can locally effect the 

pressure, the global values of the maximum impact pressure do not vary significantly thus 

validating the assumption the effect of air on sloshing impact pressures is negligible. 

However, for a high-filled fluid situation the significance of air modeling is investigated, 

by comparing the numerical simulation results with experimental test data in the presence 

of air for two different high-fill conditions. Numerical simulations results for maximum 

impact pressure (only in the presence of air) match well with the experimental data for both 

the fill conditions. A detailed sensitivity analysis for this high-filled condition shows that 

the pressure field is highly sensitive to the compressibility of air. Numerical simulations 

neglecting the presence of air consistently under-predict the maximum impact pressures by 

several orders of magnitude.  

Note that the fluid and gas in this study are restricted to water-air interaction only. 
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However, the methodology and computational tool presented can be applied to other fluids 

and gases sloshing interaction. Validation for non-water-air combinations will be needed 

to determine the effect of gas compressibility on the estimation of maximum impact 

pressures. 
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5 PREDICTIVE CAPABILITY OF FINITE ELEMENT AND 

SMOOTHED PARTICLE HYDRODYNAMICS MODELING OF 

FLUID-STRUCTURE INTERACTION 

 

5.1 Abstract 

 

The predictive capability of an arbitrary Lagrangian-Eulerian (ALE) formulation based 

finite-element (FE) method and a smoothed particle hydrodynamics (SPH) method in 

modeling the fluid dynamics and contact and impact dynamics of a fully coupled fluid-

flexible structure interaction (FSI) problem is presented in this paper. While the rapidly 

varying fluid flow is modeled using both FE based ALE and SPH formulations, the elastic 

deformation of an elastic gate (structure) is modeled using a standard Lagrangian finite 

element method. The fluid flow is governed by the Navier-Stokes equation and the 

structure is modeled as elastic. The predictive capability of the ALE-FE/FE and SPH/FE 

numerical methods is validated by comparing the simulation results with experimental data 

of an elastic gate subjected to rapidly varying fluid flow. This study provides a comparison 

and an evaluation of the performance of the two methods applied to predicting the response 

of a multi-physics FSI problem under a consistent computational platform. Numerical 

simulation results show that the ALE-FE/FE continuum approach not only captures the 

dynamic behavior accurately, but also predicts the water-free surface profiles and the 

elastic gate deformations accurately. On the other hand, the coupled purely Lagrangian 

approach of the SPH/FE under identical computational platform is found to be less accurate 

and efficient in predicting the dynamics of the elastic gate motion and the water-surface 

profiles. 
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Keywords: Arbitrary Lagrangian-Eulerian formulation, Lagrangian formulation, fluid-

structure interaction, smoothed particle hydrodynamics, finite element, flexible structure 

 

5.2 Introduction 

 

Determining the hydrodynamic forces on a structure is an intrinsic component of any 

typical fluid-structure interaction (FSI) problem. Analytical solutions of such problems are 

often difficult to obtain and therefore experimental investigations are necessary. These FSI 

experiments often are often time-consuming and detailed parametric studies are expensive 

to conduct. Alternatively, well-validated numerical methods can complement or supplant 

the physical experiments because of the lower costs, faster turn around and capability to 

perform parametric studies.  

Fluids are often described by an Eulerian formulation whereas the structural motions are 

usually described by a Lagrangian formulation. Coupling of the two media can be modeled 

using an Arbitrary-Lagrangian–Eulerian (ALE) formulation for the fluid domain. The 

ability of the ALE formulation to successfully model large deformation multi-physical 

interaction problems including metal forming, underwater explosions are well documented 

(Donea et al. 2004; Le Tallec et al. 2009). Coupling the dynamics of the fluid flow domain 

and the solid boundaries is a necessity whenever the motions of both the media are 

comparable (Rugonyi et al. 2001; Bathe et al. 2004; La Tallec et al. 2009). These classes 

of FSI problems can be solved by employing either a simultaneous (or direct) solution or a 

partitioned (or iterative) solution (Rugonyi et al. 2001). The direct solution technique is 

particularly convenient when the interaction between the structure and the fluid is strong 
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and the displacements of the structure are significant. Developments in the simulation of 

viscous incompressible and compressible fluid flows with structural interactions are 

discussed in great detail in Bathe et al. (2004). 

Modeling of both the fluid and structure motions by using a pure Lagrangian formulation, 

such as the SPH method, is often used as an alternative to the FE method for the numerical 

simulation of coupled FSI problems. The SPH method can be especially effective when 

studying problems characterized by large displacements of the fluid-structure interface and 

by a rapidly moving fluid free-surface. SPH was first developed in astrophysics by Lucy 

(1997) and by Gingold and Monaghan (1977). As a fully Lagrangian meshless method, 

SPH has been successfully applied to various free-surface problems such as dam-break 

flow (Colagrossi et al. 2003), modeling of free-surface flows with elastic bodies 

interactions (Souto-Iglesias et al. 2008), breaking waves on a beach (Monaghan 1994; 

Monaghan et al. 1999), wedge drop (Oger et al. 2006), flow in a sloshing tank (Delorme et 

al. 2009) and for complicated geometries such as high speed ship flow (Yang and McCue 

2012). A Lagrangian motion for the numerical simulation of FSI problems in which both 

the fluid and solid phases were described by a pure SPH method was investigated in detail 

in Randles et al. (1996), who extended the use of the SPH into problems involving free-

surface flows interacting with a deformable structure. A complex FSI problem involving 

simulation of a two-dimensional (2-D) free-stream flow interacting with a deformable, 

pressurized surface, such as an ACV/SES bow seal was studied using the FEM-SPH 

coupling approach (Yang et al. 2012). In their study the fluid domain was based on SPH 

and the structural domain employs a large-deformation standard Lagrangian finite element 

method (FEM). They also provided validation of two benchmark FSI problems. The first 
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test case was flow in a sloshing tank interacting with an elastic body (Souto-Iglesias et al. 

2008) and the second one was the dam-break flow through an elastic gate (Antoci et al. 

2007). 

In this study, the predictive capability of an arbitrary Lagrangian-Eulerian (ALE) 

formulation solved by the FE method and a smoothed particle hydrodynamics (SPH) 

formulation and solution method is used in the numerical simulation of a benchmark FSI 

problem. In particular, the accuracy and reliability of the numerical simulation results 

obtained by these numerical methods are validated against experiments presented in Antoci 

et al. (2007), where an elastic gate deforms under the effect of a rapidly varying fluid flow. 

The objectives of this work are to provide a consistent computational platform for 

comparison and evaluation of the two numerical methods and examine the accuracy and 

efficiency of each solver independently in capturing the evolution of the water free-surface 

profiles and the elastic gate deformations. First, the formulations of both numerical 

methods are presented. Then the FE solutions of the ALE formulation are contrasted with 

those of the SPH formulation in terms of the deformation of the structure and the evolution 

of the fluid free-surface.  

 

5.3 Numerical model 

 

The elastic deformation of an elastic gate under the effect of a rapidly varying fluid flow 

is modeled using two solution procedures. An FE based ALE formulation and a SPH 

Lagrangian formulation are used to simulate the fluid domains (air and water). The 

governing conservative field equations for the fluid dynamics part of the FSI was studied 
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by both the ALE differential form and a discrete particle form of Navier-Stokes equations. 

As the validation models involve large deformation with no mesh distortion or 

entanglement, the structural domain (in this case the elastic gate) is modeled from a pure 

Lagrangian finite element (FE) perspective. A brief description of the ALE and SPH 

formulations are presented below before the experimental and numerical setup are 

discussed followed by the results from both numerical simulations. 

 

5.3.1 Arbitrary Lagrangian-Eulerian formulation and finite element solution 

procedure 

 

The Navier Stokes equations and the ALE formulations are solved over the entire 

computational domain (Donea et al. 2004; Souli and Benson et al. 2010). In the ALE 

description, an arbitrary referential coordinate is introduced in addition to the Lagrangian 

and ALE coordinates. The material time derivative of a variable, ( , )g x t


, with respect to 

the reference coordinate can be described as 

( , ) ( , )
( ) ( , )

dg X t g x t
v w gradg x t

dt t


   


       (1) 

where X  is the Lagrangian coordinate, x


 is the ALE coordinate, v


 is the particle velocity, 

and w  is the grid velocity of the numerical simulation. The ALE differential form of the 

conservation equations for mass, momentum, and energy are readily obtained from their 

corresponding Eulerian forms: 

Mass: 

 ( ) ( ) ( ) 0div v v w grad
t


 


   


      (2) 
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Momentum: 

 

( ) ( ) ( )

( )

v
v w grad v div f

t

dv
div f

dt

  

 


    



 

       (3) 

Energy:  

( ) ( ) : ( )

: ( )

e
v w grad e grad v f v

t

de
grad v f v

dt

  

 


    



 



        (4) 

where  is the mass density, f is the body force vector (per unit volume), and e is the 

total energy.   denotes the total Cauchy stress given by: 

( ( ) ( ) ) 2 / 3
T

pI grad v grad v grad vI              (5) 

where p is the pressure, I  is the identity tensor,   is the dynamic viscosity, and ( )v w

is the convective velocity across the grid. 

A major difficulty in time integration of the ALE Navier-Stokes equations is due to the 

nonlinear term in the general ALE Navier-Stokes equations (2)-(4), with the relative 

velocity ( )v w
 

 , for some ALE formulations, the mesh velocity can be solved by 

remeshing and using a smoothing process. In the Eulerian formulation, the mesh velocity 

0w


 , this assumption eliminates and simplifies the remeshing and smoothing process, but 

does not satisfy the Navier-Stokes equations (2)-(4). There are basically two approaches to 

implement the Navier-Stokes equations. The first approach is to solve the fully coupled 

equations (2)-(4). The second approach, which is widely used in hydrocodes, is to use an 

operator splitting method (Bathe et al. 2004; Souli and Benson 2010). Operator splitting is 

a convenient means to break up complicated problems into a series of simpler problems. 
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In this approach, first a Lagrangian phase is performed, using an explicit finite element 

procedure, in which the mesh moves with the fluid particle. This phase is usually referred 

to as a linear Stokes problem wherein the velocity, pressure and internal energy are 

computed due to the action of external and internal forces. The equilibrium equations for 

the Lagrangian phase are 

( )
dv

div f
dt

             (6)                                                                                                                             

 : ( )
de

grad v f v
dt

                         (7)                                                                                                                              

Note that in the Lagrangian formulation, the mass conservation is guaranteed, because the 

mass moves with and stays inside the mesh at each times step. Since in using the 

Lagrangian meshes to compute the density, mass conservation is described in an integrated 

form rather than as a partial differential equations. In the second phase, also called the 

advection and transport phase, the transportation of mass, momentum and energy across 

the element boundaries are computed. This can be thought of as remapping the displaced 

mesh at the Lagrangian phase back to its initial position. The transport equations for the 

advection phase are 

( ) 0u grad
t





  


                     (8) 

0( ,0) ( )x x 


              (9) 

where ( )u v w
  

   is the convective velocity. Equations (8)-(9) are solved for the 

conservative variables: mass, momentum and energy along with the initial condition 0 ( )x  

taken at the current time step, which is the solution obtained from the Lagrangian 

calculation (equations (6)-(7)). The hyperbolic equation system (8)-(9) is solved for mass, 
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momentum and energy by using a finite volume method using either a first-order upwind 

method or a second-order Van Leer advection algorithm (Leer 1977). In a nutshell, to solve 

a fluid problem for one time step, during the first phase, a finite element formulation with 

an explicit time integration method is used to solve equations (6)-(7) for mass, momentum 

and energy conservation. The density, momentum and energy from the first phase are used 

as initial conditions for the transport equation in the second phase. A second-order time 

integration explicit method is used for the transport equation. 

 

5.3.2 Lagrangian formulation and smoothed particle hydrodynamics solution 

procedure 

 

Smoothed particle hydrodynamics (SPH) is an N-body integration scheme initially 

developed by Lucy (1997), and Gingold and Monaghan (1997) to avoid the limitations of 

mesh tangling encountered in extremely large deformation problems with the FE method. 

The main difference between traditional methods (such as finite element, finite volume and 

finite difference) and SPH is the absence of a grid. Hence, the particles constitute the 

computational framework on which the governing equations are resolved. The main 

advantage of SPH arises directly from its Lagrangian nature, since such an approach can 

tackle difficulties related with lack of symmetry, large voids that may develop in the field, 

and tracks a free water surface much more efficiently than Eulerian methods (Liu et al. 

2003; Lacome 2009). The Lagrangian conservation laws of continuum fluid dynamics, in 

the form of partial differential equations, are transformed into particle form by integral 

equations through the use of an interpolation function that gives a kernel estimation of the 

field variables at a point (Monaghan 1992). A fluid material model with an equation of 
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state is used to model the water domain. The speed of sound at the reference density was 

set to a lower than actual value of 100m/s as the acoustic speed is not important for the 

present problem (Dalrymple 2006). It is worthy to note that this sound speed is much lower 

than that of water, but much faster than the water wave propagation in the model.  

SPH Formulation – Formulation of SPH is divided into two key steps. First step is the 

integral representation or the so-called kernel approximation of field functions. The second 

step is the particle approximations. 

The integral representation of a function ( )f x is given by: 

( ) ( ) ( )f x f y x y dy


          (10) 

where f is a function of the three-dimensional position vector x , and ( )x y  is the Dirac 

delta function given by 

                     1           x y  

( )x y  =                                     (11) 

                     0           x y  

 

In equation (10),  is the volume integral that contains x .  

The particle approximation function is given by: 

( ) ( ) W( , )h f x f y x y h dy


          (12) 

where W is the kernel function, which is defined using the function  by the relation: 

1
( , ) ( )

( )d
W x h x

h x
           (13) 

where d is the number of space dimensions and h is the so-called smoothing length 

which varied in time and space; ( , )W x h is a centrally peaked function; and the most 
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common smoothing kernel used by the SPH is the cubic B-spline which is defined by 

choosing   as:  

                       

2 33 3
1

2 4
u u          for   1u   

( )u Cx       31
(2 )

4
u                  for  1 2u                        (14) 

                       0                              for  2 u
 

where C  is a constant of normalization that depends on the spatial dimensions. 

In the SPH method when the entire system is represented by a finite number of particles 

that carry individual mass and occupy individual space. The continuous SPH integral for 

( )f x when written in discretized particle approximation is now defined as: 

1

( ) ( ) ( , )
N

h

i j i i j

j

f x w f x W x x h


           (15) 

where 
j

j

j

m
w


  is the “weight” of the particle. The weight of a particle varies 

proportionally to the divergence of the flow. Note that the mass is distributed around the 

center of mass of each particle based on the density distribution defined by the kernel 

function (Monaghan 2005). 

Discrete form of conservative equations – The solution of the equation is of the form 

( ) ( , , )vL divF x t S           (16) 

Where 
dR is the unknown, F  with  1...d  represents the conservation law and 

vL

is the transport operator defined by: 

1

(u )
: ( )

d

v v

i

L L
t x

 
 



 
  

 
         (17) 



147 
 

Weak formulation approximation – The strong formulation approximation is not 

conservative, therefore they are not used in numerical solutions. However, the weak 

formulations shown below are conservative and all the conservative equations encountered 

in SPH are usually solved using the weak form (Monaghan 1994). In the weak formulation, 

the adjoint of the 
vL operator is used: 

* *

1

: ( )
d

v v

i

L L u
t x

 
 



 
  

 
        (18) 

The discrete form of this operator corresponds to the discrete formulation of the adjoint of 

,h sD : 
*

,

1

(x ) ( ( ) (x )A )
N

h s i j i ij j ji

j

D w x A  


        (19) 

A discrete adjoint operator for the partial derivative is also necessary, and is taken to be 

the th  component of the operator 

*

1

(x ) (x )A (x , x ) w (x )A (x , x )
N

i j j i j j i j i

j

D w  

   


      (20) 

Applications to conservation equation – The Lagrangian conservation equations are written 

in their discrete form and the momentum conservation equation are given below. 

Particle approximation of density is given by 

         (21) 

Particle approximation of momentum: If we choose the smoothing function to be 

symmetric, this can lead to the following equation 

 

1

.
N

j iji
i ij

j j i

m WD
u

Dt x







 




2 2
1

( )
N

j iji i
j

j i j i

WDu
m

Dt x
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     (22) 

This is what is called as the “symmetric formulation”. 

Another possible choice is to define the momentum equation by: 

 

    (23) 

This is the “fluid formulation” used in the present analysis which gives better results than 

other SPH formulations when fluid particles are present or when material with very 

different stiffness are used. 

Particle approximation of energy is given by 

      (24) 

In equations (21)-(24), u is the particle velocity, e is the energy, p is the pressure,  is the 

total stress tensor,  is the dynamic viscosity and  is the shear strain rate. 

Note that in a pure Lagrangian formulation such as the SPH, as the flux over the mesh 

width is zero, there is no need to solve a conservation of mass equation as the mass moves 

with the mesh and the conservation of mass is guaranteed. 

Artificial Viscosity – An artificial viscosity is introduced when a shock is present. Shocks 

introduce discontinuities in functions. The role of the artificial viscosity is to smooth the 

shock over several particles. To take into account the artificial viscosity, an artificial 

viscous pressure term 
ij (Monaghan and Gingold 1983) is added such that: 

2 2 2 2
1 1

( ) ( )
N N

j ij j j iji i i i
j j

j ji j i i j i

p W WDu p
m m

Dt x x

  

    

 
    

 
 

1

N
i j iji

j

j i j i

WDu
m

Dt x

 

 

 





1 1

N N
i j ij i i j j iji

j j

j ji j i i j i

p p W WDu
m m

Dt x x

   

    

   
  

 
 

1

1

2 2

N
i j iji i

j i j

j i j i i

p p WDe
m

Dt x
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i i ijp p             (25) 

where 
21

( )ij ij ij ij

ij

c 






    . The notation 

1
( )

2
ij i jX X X  is used for median between 

iX  and 
jX , c  is the adiabatic sound speed, and 

 

 

 

(26) 

 

 

Here, v ( )ij i jv v  , and 
2 20.01 ijh



  which prevents the denominator from vanishing. 

In this SPH formulation, the default values for the artificial viscosity ( 1.5  and 0.06 

) were originally designed for Lagrangian solid elements only and they are not appropriate 

when SPH particles are used in the simulation. The SPH recommended values are 1.5 

and 1.0   (Schwer 2009). 

Time Integration--- A simple, classical first-order scheme for integration is used with the 

time step determined by the following expression: 

i
CFL

i i

h
t C Min

c v

 
   

 
         (27) 

where the factor CCFL is a numerical constant enforcing the Courant-Friedrichs-Lewy (CFL) 

stability condition (Monaghan 1994). 

In many numerical simulations involving a Lagrangian formulation, an SPH description 

(and solution) of the fluid motion is coupled to a finite element formulation for the solid 

dynamics. Before presenting the numerical simulation test results from the proposed FE-

based ALE fluid and FE-based Lagrangian structure (ALE-FE/FE) and SPH-based fluid 

and FE-based Lagrangian structure (SPH/FE) methodologies, a brief description of the 

 

ij   2 2

ij ij

ij

ij

v r
h

r 




 

for 0ij ijr   

0   otherwise 
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experimental setup is shown below. This will be followed by a detailed description of the 

computation domain used for the numerical setup. Subsequently, these two methods are 

validated by comparing the results obtained with available experimental test data. 

 

5.4 Experimental set-up of rapidly-varying flow with flexible elastic gate  

 

The pressure exerted by a fluid flow on the confining solid gate boundary in the form of a 

flexible elastic gate is studied. The predictive capability of the ALE-FE fluid/Lagrangian 

FE structure technique is validated by comparing the numerical simulation results with data 

measured during suitable laboratory experiments (illustrated in Antoci et al. 2007). In the 

experiments, an elastic gate, clamped at one end and free at the other one, interacts with a 

mass of water initially confined in a free-surface tank behind the gate. The conception 

behind choosing this particular experimental set-up is because it involves the interaction 

between a flexible elastic structure and a fluid flow accompanied by large displacements 

of the structure and the fluid free surface flow. A section of a plexiglass flume has been 

confined by two vertical walls, thus creating a tank, as represented in Figure 5.1. The walls 

constitute an upper rigid part and in a lower flexible plate made of elastic. The elastic gate 

is free at its lower end, thus representing an elastic gate completing the enclosure of the 

tank. The geometric dimensions of the experimental system and the physical characteristics 

of the elastic gate are reported in Table 5.1. 
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Figure 5.1: Scheme of the tank and of the gate: frontal view, lateral and plan 

 

 

Table 5.1. Dimensions of the system and physical characteristics of the elastic gate 

----------------------------------------------------------------------------------------------------------  

Dimensions 

A (m) 0.1 

H (m) 0.14 

B (m) 0.1 

B* (m) 0.098 

L (m) 0.079 

S (m) 0.005 

 

Elastic elastic gate 

  ( 3/kg m ) 1100 

E (MPa)  10 

----------------------------------------------------------------------------------------------------------- 
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The elastic gate (clamped only along its upper edge) is free to deform when subjected to 

the pressure of the fluid behind it. The elastic gate is held fixed by an external rigid support 

during the process of filling the tank with water up to the desired level. When the water in 

the tank is in hydrostatic conditions, the rigid support is suddenly removed, thus allowing 

the gate to deform while water flows under it. The experiments were recorded by a digital 

video camera, at a frequency of 25 frames per second. The displacements of the free end 

of the gate and the water levels in the tank were measured by digital image processing 

(Antoci et al. 2007).  

 

5.5 Numerical simulations 

 

5.5.1 ALE/FE modeling of FSI: Deformation of an elastic gate 

 

A numerical code for nonlinear dynamic analysis of structures in three dimensions (3-D), 

LS-DYNA, is used in the current study (Version: mpp971d R7.0.0 and Revision: 79055). 

An ALE/FE technique is used to model the fully coupled FSI problem where both the 

air/water domains and the solid parts (gate and rigid wall) are modeled using solid brick 

elements. The compressible fluid solver is analyzed as weakly incompressible to retain the 

explicit solution of the continuity equation. A lower value of the compressibility modulus 

was adopted. Figure 5.2 shows the initial configuration for the 3D ALE-FE/FE simulation. 
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Figure 5.2: Initial configuration of the tank and water 

 

 

The ALE-FE/FE analysis of the experiments including the water transient flow and the 

gate deformation is studied as a three-dimensional phenomenon. It should be noted that, in 

the experiments, no bending of the elastic gate was observed along the direction normal to 

the lateral walls (Antoci et al. 2007). An important feature in simulating contact problems 

is proper modeling of the two-phase flow including the presence of air. In this study we 

include air modeling using its material properties with a proper governing equation of state. 

Note that air is modeled in the ALE-FE/FE formulation but not the SPH/FE method. 

Both the air and water domains are modeled with solid elements which needs a prescribed 

equation of state. The elastic gate is treated as an elastic material and the upper rigid wall 

is given a rigid body definition. The dimensions and the properties of the elastic gate (mass 

density and Young’s modulus) are shown in Table 5.1. The elastic gate is discretized by 

solid elements having density of 1,100 3/kg m . The results of the simulation with 

21.2 7 /E e N m , better reproduces the experimental phenomenon. The Poisson ratio is set 

to 0.4. This value, although lower than the theoretical one for an incompressible elastic 
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material, allows us to use larger time steps while maintaining the CFL condition without 

sacrificing accuracy. Figure 5.3 shows the 3D ALE-FE/FE computational domain. 

 
Figure 5.3: ALE/FE simulation: Computational domain 

 

Eight-node brick elements and constant stress solid elements (Belytschko et al. 1982) are 

used for discretization of the Lagrangian (rigid wall and elastic gate) and Eulerian (air and 

water domains) components of the 3-D computational domain. 

The interaction force between the air-water domains and the elastic gate are computed 

through a penalty based coupling procedure (La Tallec 2000; Hallquist 2006). In this two-

way coupling, the moving surface of 3-D elastic body and the rigid wall (a Lagrangian 

mesh) is treated as the slave surface, and the air-water domain (an Eulerian mesh) is treated 

as the master surface. The interaction forces are calculated based on the number of coupling 

points between the Lagrangian surface and the ALE elements and the penetration distance 

between them. The elements of the air and water domains are given the null hydrodynamic 

material type that allowed a new equation of state to be specified (Hallquist 2006). An 

equation of state with a linear polynomial form is used to define the initial thermodynamic 

state of the material and pressure is given by: 
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2 3 2

0 1 2 3 4 5 6( )p C C C C C C C E                (28) 

where 
0 6C 

 are user-defined constants, E is initial energy per initial volume, and the 

volumetric parameter  is defined as: 

1
1

V
             (29) 

where V is relative volume given as: 

0V



            (30) 

with 0  as the reference mass density (which might be different than the current mass 

density if the material experiences compression or expansion throughout the simulation). 

The constant 
1C  in Equation 6, when used by itself, is the elastic bulk modulus (

2

1 sC c  ), where  is the mass density of the material and 
sc  is the sound speed in 

air/water ( 1,480 /sc m s for water and 343 /sc m s for air). Providing this constant only and 

setting all other constants to zero is sufficient to define the equation of state if the pressure 

is not significantly influenced by temperature changes. Speed of sound in water plays a 

significant role in determining the total computational time. Monaghan et al. (1994) and 

Dalrymple and Rogers (2006) suggested that the minimum sound speed should be about 

one tenth of the maximum expected flow speeds. The values of 
1C  for air and water 

domains are 21.0 5 /e N m and 21.0 7 /e N m , respectively. 

A slip boundary condition is imposed to the fluid flow on the rigid walls. The boundary 

conditions employed in the numerical model are partially the material surfaces (out-of-

plane, in-plane and bending restraint). The material surfaces defined in ALE formulation 
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are: (a) no particles can cross them, and (b) stresses must be continuous across the surfaces. 

Clamp conditions (on the gate) are imposed by a layer of fixed nodes on the top of the gate. 

The computational domain is made up of four solid parts which constitutes 670,104 nodes, 

641,600 solid elements of which there are 1,000 rigid elements and 640,600 deformable 

solid elements (air and water ALE solid elements).  

 

5.5.2 Smoothed particle hydrodynamics and finite element modeling  

 

Description of the SPH/FE model – Figure 5.4 illustrates the three dimensional numerical 

configuration of the SPH/FE computational domain which shows the SPH water domain 

and the clamped edge of a flexible gate along with the rigid wall (FE mesh). Fluid is 

simulated by using SPH particles. The scheme of the tank and of the elastic gate (Figure 

5.1) and the dimensions of the system and physical characteristics of the elastic gate are 

similar to those that are used in the ALE model (Table 5.1). Consistent with most SPH 

models in the literature, the air domain is not modeled in the SPH/FE approach. The edges 

of the water were defined as fixed-SPH nodes (analogous to SPH ghost particles) allowing 

the water block to act as a tank. Same material properties that were used in the ALE 

simulations were retained for the rigid wall, elastic gate and the water domain. Material 

and element properties of the individual components of the SPH/FE computational domain 

are shown below. 
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Figure 5.4: 3-D configuration of SPH-FEM computational domain (SPH: Water 

domain; FEM Mesh: Top part – Rigid Wall and Bottom part – Elastic gate) 

 

The same material properties that were used in the ALE-FE/FE formulation are used for 

the SPH test cases. However, the fluid domain has been discretized with SPH elements. 

The number of SPH particles/nodes used is 95,817 (with the distance between the particles 

as 0.2mm) and the number of shell elements used for both and the wall and the gate 

combined are 1,600. As there is no mesh connectivity, the interaction between the SPH 

fluid and structural elements is defined by using a one-way tied or penalty type 

interface/contact. Note that a free-surface tracking technique is not needed. In this type of 

penalty coupling, the moving surface of three-dimensional SPH water domain is treated as 

the slave surface, and the target FE mesh (rigid wall and elastic gate) are treated as the 

master surface. There are different ways of introducing the boundary conditions for the 

SPH formulations. Boundary particles can be placed on the walls directly which in turn 

exert a repulsive force on the fluid particles adjacent to it as in Monaghan and Kos (1999). 

The use of this boundary force introduces initial instability (Souto-Iglesias et al. 2006). In 
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order to obtain a smooth flow near the boundaries, slip boundary conditions are imposed 

to the fluid flow on the rigid walls: these conditions are imposed through the technique of 

ghost particles (Colagrassi and Landrini 2003) on the right tank wall and on the bottom and 

by layers of fixed ghost particles in the upper rigid part of the left tank wall. Rigid wall by 

itself is restrained in translation and rotation (fixed globally in the x, y and z directions) and 

the top nodes of the elastic gate are fixed in translation and rotation (clamped condition). 

An equation of state with a linear polynomial form (eqn. 23) is used to define the initial 

thermodynamic state of the material for the water domain. The sound speed is usually set 

to ten times the maximum expected velocity in the fluid (Monaghan 1994). This will allow 

the sound speed in the numerical simulations to be sufficiently low for time step 

optimization.  

The only force acting on the SPH particles is gravity (
29.81 /g m s ). This load should be 

pre-applied gradually over a finite time and the elastic gate is then released at 0t   which 

means that the pressure in the fluid domain is equal to static pressure at 0t  .  

The termination time for the simulations was set to 0.4 seconds. At the initial time, the fluid 

is assumed to be in hydrostatic conditions, while in the gate, stresses and deformations are 

equal to their corresponding static equilibrium values. The time step in both the numerical 

methods was governed by the CFL number (eqn. 22) which is a necessary condition for 

stability while solving the partial differential equations. For both methods the smallest 

timestep is governed by the solid elastic elements ( 6.77 06E  ) which remained 

consistently constant throughout the simulation. 
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5.6 ALE/FE and SPH/FE simulation results 

Quantities of interest for the validation case are the displacements of the free end of the 

gate (x and y displacements) and the water levels in the tank (just behind the wall and 5cm 

away from it). Frames from the numerical simulations (images) of ALE and SPH at every 

0.04s are shown in Figures 5.5 and 5.6, respectively. Numerical simulation results show 

that the dynamics of the phenomenon, in terms of deformation of the gate and of evolution 

of the fluid free-surface, in the most generic sense, is well reproduced by both the ALE-

FE/FE and the SPH/FE numerical solution procedures. It can be observed that the predicted 

shape of the elastic gate is similar to the observed one in experimental investigation where 

the deformation is maximum near the clamp (with null second derivative of the horizontal 

displacements), whereas, close to the free end, the gate seems to move almost as a rigid 

body. However, the amount of deformation and the evolution of the fluid free surface vary 

for both the numerical solution procedures and are discussed in the following sections. In 

the SPH/FE pure Lagrangian method, boundary conditions are imposed in the form of 

ghost particles. The resultant displacement oscillation of the free end of the elastic gate is 

a result of these virtual boundaries. Significant pressure oscillations (a numerical artifact) 

originating from the wall and bottom boundaries propagate throughout the fluid domain 

resulting in large displacements. The performance of ALE/FE and SPHFE solution 

procedures in terms of the computational efficiency is also studied. Computational clock-

time for the ALE simulation for a 0.4s termination time (12 CPUs) is approximately 19 

hours. On the other hand, the execution time for the SPH Lagrangian method on the same 

number of CPUs is slightly more than 75 hours (i.e. about four times longer than the 

ALE/FE simulation).    
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Figure 5.5: Frames and images from ALE/FE simulation (Every 0.04s from t = 0s to 

t = 0.4s) 
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Figure 5.6: Frames and images from SPH/FE simulation (Every 0.04 s from t = 0s to 

t = 0.4s) 
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By varying the number of processors (1, 2, 4, 6, 8, 10 and 12 CPUs), the average ALE/FE 

to SPH/FE clock-time ratios are found to be in the order of 4.0-4.2. 

Elastic gate free end displacements – Horizontal and vertical displacements computed for 

the free end of the gate (from the ALE/FE formulation) are compared with those measured 

in the digitalized images acquired during the experiments (Figure 5.7), which shows that 

the displacements of the gate compare well with the experimental test data. It can also be 

observed that the time evolution of the phenomenon is well described by the ALE-FE/FE 

simulation.  

 
 

Figure 5.7: Horizontal and vertical displacements of the free end of the gate 

(ALE/FE) 

 

Numerical simulation results obtained by Antoci et al., (2007) demonstrate an over-

prediction of the displacement. They attribute this to the water leakage at the side of the 

gate (observed experimentally) resulting in a pressure drop in the fluid domain (as seen in 
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Figure 5.7 at times larger than 0.124s). This aspect is not captured by either of the 

numerical methods. This difference leads to a 4% underprediction of the maximum 

horizontal displacement of the elastic gate. 

Horizontal and vertical displacements of the free end of the gate for the SPH/FE simulation 

are shown in Figure 5.8. It can be observed that the displacements of the gate in the SPH/FE 

simulations are larger than those obtained in the experiment.  

 

Figure 5.8: Horizontal and vertical displacements of the free end of the gate 

(SPH/FE) 
 

Results of the SPH/FE simulation for the time evolution display an overprediction of the 

maximum horizontal and vertical displacements (37% and 71%, respectively). This can 

also be attributed to the fact that the contact stiffness force between the SPH water particles 

and the elastic gate is lower than the real one, hence resulting in a decrease in pressure and 

an exaggerated displacement of the free end of the gate. 
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Water free-surface profiles – The evolution of the water free-surface is also well 

reproduced by ALE-FE/FE simulation. Figures 5.9 and 5.10 shows the water level 

immediately behind the gate and in the middle of the tank. The computed flow rate is 

slightly higher than the experimental observation ( 0.2t s ) leading to a faster decrease in 

the water level in the initial part of the transient phase (due to a large vertical displacement 

of the gate resulting in a larger gate opening). For 0.2t s , the computed and measured 

values of the water level evolve in the same way. 

 

Figure 5.9: Water level (m) just behind the gate (ALE/FE) 

 

Figure 5.10: Water level (m) 5cm from gate (ALE/FE) 
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The evolution of the water free-surface for the SPH/FE simulations is shown in Figures 

5.11 and 5.12. Though the profile of the fluid free-surface is well reproduced, the particle 

simulation results show a lack of agreement with the experimental test results (due to the 

higher flow rate resulting from the rapid opening of the gate as explained below).  

 

Figure 5.11: Water level (m) just behind the gate (SPH/FE) 

 

 

Figure 5.12: Water level (m) 5cm from gate (ALE/FE) 
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Figures 5.11 and 5.12 show that, for the large gate opening case, there is a large difference 

between the experiments and the SPH predictions for the fluid flow. Although the total 

force exerted by the fluid on the structure can be calculated accurately with relatively low 

resolution, higher resolution is needed to evaluate the pressure at a specific point in the 

fluid domain (Souto-Iglesias et al. 2008). The SPH simulation results show that though the 

general dynamics of the flow is captured systematically (Figure 5.6), the global forces 

exerted by the fluid on the elastic gate are not predicted accurately. This can be attributed 

to the less accurate pressure prediction in the SPH-FE model as delineated in Delorme et 

al. (2009) and Antoci et al. (2007), which pointed out that the SPH pressure field gave 

artificial large oscillations that needed to be suppressed by techniques such as introducing 

artificial viscosity to stabilize the velocity field and applying correction to the density-

pressure estimates. In addition, the SPH interpolation lacks sufficient accuracy to model 

constant or linear functions of spatial variables (Belytschko et al. 1998). In order to reduce 

this interpolation error, Colagrossi and Landrini (2003) used a density re-initialization by 

employing a higher order moving least square (MLS) kernel which assures exact 

reproduction of any linear function of the spatial variables and hence accurate pressure 

estimates. 

In the SPH model used in this study, there are different ways to calculate pressure. The 

kernel approximation is used in this study is based on the formulation given by eqns. (11-

13) (Monaghan 1992). For this approximation, few particles enter in support of the kernel 

since it is evaluated near the boundary of the fluid domain leading to lower pressure 

estimates resulting in an artificially more rapid opening of the gate (see Figure 5.8) and a 

faster fluid flow, hence a lower free surface level (see Figures 5.11 and 5.12). 



167 
 

A key parameter that also influences the pressure estimations in the SPH model is the 

smoothing length ( h ). A mechanism in which more particles can be incorporated in the 

support domain is by simply varying the smoothing length. Further numerical tests were 

carried out to study its response on calculating the free end displacements of the elastic 

gate for different values of the smoothing lengths ( h ).  

Effect of Smoothing Length – Smoothing length ( h ) is an important parameter in the SPH 

method. It is defined as the influence area that the smoothing function ( , )W x h  has on the 

neighboring particles (Liu et al. 2003). In many SPH codes this parameter is given utmost 

importance since it not only determines the pattern for the function approximation which 

defines the dimension of the support domain of particles, but also determines the 

consistency and hence the accuracy of both the kernel and particle approximations. In a 

way, this criterion defines a constant that is applied to smoothing of the particles and can 

be thought of as the representation of the “sphere of influence” of each particle. If h  is too 

small, there may not be enough particles in the support domain to exert forces on a given 

particle, which results in low accuracy. On the other hand, if the smoothing length is too 

large, most of the details of the particle or local properties may be smoothed out, and the 

accuracy suffers significantly. The particle approximations used by the SPH method 

depend heavily on the number of particles within the support domain. The SPH results 

shown in the previous sections was for a default value 1.2. Numerical test cases were 

carried out for the lower and upper bounds for the smoothing lengths of 1.03h   and 

1.3h  . 

Figure 5.13 shows the correlation between the horizontal and vertical displacement of the 

gate for three different smoothing lengths. Values higher than 1.3h   increases the 
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computational time significantly and values lower than 1.03h  can lead to instability thus 

affecting the accuracy. 

 

 

 

Figure 5.13: X and Y displacement time histories (of the free end of the elastic gate) 

for different smoothing lengths (SPH/FE) 

 

Interestingly, deductions from Figure 5.13 gave unexpected findings in that for a high 

particle density, cases with 1.05h   (i.e. the minimum stability value) are less accurate in 

predicting the displacement response. For the case with 1.05h  , even though there is 

slight improvement in the estimation of the x and y displacements of the free end of the 

gate, the predictions are similarly inaccurate compared to experimental observations (off 

by a factor >50%). This finding can be explained by the boundary conditions used for the 

boundary SPH particles. In this study the ghost particle technique is used (see section 4.2). 

Observations from the simulation results (Figure 5.13) reveal that, for a higher smoothing 
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lengths, especially at the boundary of the tank and at the interface between the SPH fluid 

particles and the elastic gate, there is high particle disorder leading to high repulsive forces 

that lead to reduction in pressure (pressure-velocity correlation states that when the 

pressure decreases the flow increases). This leads to an artificially faster flow of the fluid 

resulting in the rapid opening of the gate. Delorme et al. (2009) mention in their study that 

for the local measurements of the pressure field, particularly in the zones where the particle 

disorder is high, it leads to large oscillations in the fluid domain. This is because when the 

particles are moving, the initial compatibility between mass, volume and density of the 

fluid particles are lost and Colagrossi and Landrini (2003) stated that this disorder could 

be restored by the re-initialization of the density field periodically using a higher-order 

kernel approximation (as mentioned above). Adding artificial bulk viscosity3 is one more 

way to improve the accuracy (Shelammar 1997). For different coefficients of bulk viscosity 

(eqn. 21) considered here, we found that there was practically no effect on the maximum 

displacement of the gate and the water level evolution. 

Stress distribution in the elastic gate – The stresses xx , xy  and yy  in the elastic gate 

are plotted at 0.124t s , when the displacements are maximum (Figures 5.14-5.15; 5.16-

5.17 and 5.18-5.19) for both the ALE-FE/FE and SPH/FE numerical simulations. The 

ALE-FE/FE simulation results show that the stress distribution seems to be qualitatively 

correct, showing the internal part of the gate in tension (red), whereas the external part is 

compressed (blue). This can be attributed to an accurate stress transmission between the 

                                                           
3 In SPH models artificial bulk viscosity is needed to prevent interparticle penetration, to allow shocks to 

form and to damp post shock oscillations. However, it may lead to unwanted heating and unphysical 

solutions (Selhammar 1997).  
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water and the elastic gate ascertained by a good comparison with the experimental test data 

for both the horizontal/vertical displacements of the gate and accurate capturing of the free-

surface profile. A maximum stress value of 0.75MPa is found for the yy   component near 

the clamp, while the other components show lower maximum values.  

On the other hand, the SPH/FE simulation results for the stress distribution show an under-

prediction of the stress values on the gate. This can be attributed to the inaccurate 

estimation of the contact pressure between the water particles and the elastic gate. This is 

largely due to the overprediction of both the horizontal and vertical displacements of the 

gate and a higher flow rate of the water compared to the observed experiment results. A 

maximum stress value of 7,400Pa is found for xx  component near the clamp, while the 

minor components show a much lower maximum values.  

 

 

Figure 5.14: xx distribution at 0.124t s : color scale ranging from 

249020 /xx N m    (blue) to
265000 /xx N m   (red)-ALE/FE. 
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Figure 5.15: xx distribution at 0.19t s : color scale ranging from 

22457 /xx N m   (blue) to 
27406 /xx N m  (red)-SPH/FE. 

 

 

Figure 5.16: xy distribution at 0.124t s : color scale ranging from 

291960 /xy N m   (blue) to 
2110200 /xy N m   (red)-ALE/FE.  
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Figure 5.17: xy  distribution at 0.19t s : color scale ranging from 

2994.5 /xy N m   (blue) to 
23143 /xy N m  (red)-SPH/FE.  

 

 

Figure 5.18: yy distribution at 0.124t s : color scale ranging from 

2413000 /yy N m   (blue) to 
2400600 /yy N m  (red)-ALE/FE. 
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Figure 5.19: yy  distribution at 0.19t s : color scale ranging from 

2547 /yy N m   (blue) to 
21665 /yy N m  (red)-SPH/FE.  

 

 

5.7 Sensitivity and convergence Study 

 

A convergence study is conducted to examine how the simulation results vary with the 

change of the ALE-FE/FE mesh discretization. The analysis presented below is based on 

the case of the deformation of an elastic gate subjected to time-dependent water pressure. 

Note that the convergence study was performed only for the ALE-FE/FE model only owing 

to its excellent predictive capability in capturing the physics (compared to the experimental 

test data) of not only the deformation of the free-end portion of the gate but also the 

accurate estimation of the water-free surface profile. (A convergence study was not 

conducted for the SPH because the method is deemed not sufficiently accurate for the 

analysis of this particular experiment set up and model.) The results shown in the previous 
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section for the ALE-FE/FE model are with 0.0025ds m  (1:1 ALE to FE mesh ratio). A 

convergence study was performed for different ALE and FE mesh sizes (

0.01 ,0.0025 ,0.00125ds m m m ). All the simulation runs were performed using MPP (12 

nodes). 

Figures 5.20 and 5.21 show the horizontal and vertical displacement of the free end of the 

gate for different ALE mesh sizes, respectively. The figures show that, with the refinement 

of the mesh size, the results seem to converge for both the x and y displacements of the 

free end of the gate. Mesh size somewhat greater than 0.01ds m  seem to produce the 

physics reasonably well, but the displacements of the free end of the gate are less than what 

it was in the experiments as the contact and impact force between the structure and the 

fluid mesh is sensitive to the number of coupling points between them. Refinement of the 

ALE and FE mesh between the fluid and the elastic gate also indicates a smooth transition 

of the fluid-structure interaction pressure. Estimation of computation time spent on the 

fluid and structural portions of the numerical simulations for different mesh sizes are also 

studied. Table 5.2 shows that the explicit ALE-FE/FE solver takes much more time for 

finer mesh sizes. As expected, the ALE technique consumes large amount of computational 

resources with increasingly finer spatial discretization.  
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Figure 5.20: Horizontal displacement free end of the gate –  ALE mesh size 

variations (“ds” represents the ALE/FE mesh size = all dimensions are in m) 

 

 

 
 

Figure 5.21: Vertical displacements of the free end of the gate – ALE mesh size 

variations (“ds” represents the ALE/FE mesh size – all dimensions are in m) 
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Table 5.2. Comparison of computation time for ALE/FE solver 

FE-ALE 

Geometric 

Spacing 

(m) 

Time 

Step 

(s) 

Total Number  

of 

Time Steps 

Total 

Time 

(s) 

 

ds=0.01 1.25E-05 11480 13608 

ds=0.005 2.65E-05 25250 35450 

ds=0.0025 6.76E-06 68219 67895 

ds=0.00125 1.72E-07 181023 156880 

 

5.8 Conclusions 

 

The predictive capability of an arbitrary Lagrangian-Eulerian based finite element (FE) 

formulation and a discrete particle method (SPH) for the numerical simulation of a 

benchmark fluid-structure interaction problem under a consistent computational platform 

is presented in this study. The interaction force between the fluid and the structure are 

computed through a penalty based coupling procedure. In particular, the coupling forces 

are calculated based on the penetration distance between the ALE materials across the 

Lagrangian surface. On the other hand, for the SPH particles, as there is no mesh 

connectivity, the interaction or coupling between the SPH fluid and the structural elements 

is defined using a single tied or penalty based contact definitions. Even in the presence of 

large displacements of the structure, no definitive treatment to capture the free-surface of 

the fluid is needed. The contact between the particles is initiated when they are closer than 

twice the smoothing length. 

The performance of both the numerical models was evaluated by comparing the numerical 

simulation results to experimental test data of the fluid discharge in a tank interacting with 
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an elastic gate. Numerical simulation results show that the displacement of the elastic gate 

subjected to a time-dependent fluid pressure and the evolution of the fluid free-surface 

profiles can be predicted accurately (within 4%) by the ALE/FE formulation.  

A (pure Lagrangian) smoothed-particle hydrodynamic (SPH) method predicted a 

significantly larger motion of the free end of the gate and a faster decrease in the fluid level 

leading to an over prediction of horizontal and vertical gate displacements (by 37% and 

71%, respectively). This can be attributed to the well-documented less accurate pressure 

prediction in the SPH method which gives large oscillations in the pressure field that needs 

to be smoothed using techniques such as adding artificial bulk viscosity to stabilize the 

velocity field and by also applying correction to the density-pressure estimates using higher 

order kernel approximations. During the initialization of the pressure in the SPH 

simulations only a few particles enter in the support of the kernel, which leads to lower 

pressure estimates and faster opening of the gate.  

Results obtained by varying the smoothing length between the lower bound (bounded by 

stability, 1.03h  for the problem in this study) and upper bound (bounded by 

computational efficiency, 1.30h  ) indicates that a larger smoothing length did not yield 

the most accurate results. The best prediction of the elastic gate displacement was obtained 

using the lower bound value (which is off by >50%). This finding can be explained by the 

high particle disorder (particularly at the tank wall boundaries and at the elastic gate and 

fluid interface) resulting in very high repulsive forces that lead to a reduction of the 

pressure. As delineated in the literature, this disorder can be restored by the re-initialization 

of the density field periodically using higher-order kernel approximations. On the other 
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hand, adding artificial bulk viscosity had practically no effect on the predictions of the 

maximum displacement of the gate and the water level evolution. 

An evaluation of the computational efficiency of the two numerical methods show that the 

average clock ratios of the FE method is about four times faster than that of the SPH. Using 

more SPH particles per FE element at the fluid-structure interface often leads to higher 

computational costs without noticeable improvements in accuracy.  

An advantage of using the SPH method is the relatively short pre-processing time and a 

good capture of the overall physics of the fluid motion. However, the ALE model is shown 

to capture the fluid-structure interaction and the fluid free-surface dynamics accurately. 
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6 NUMERICAL SIMULATION OF SURFACE EFFECT SHIP BOW 

FINGER SEAL FLUID-STRUCTURE INTERACTION 

 

 

6.1 Abstract 

 

This study examines the bow finger seal motions of a scale-model of a free-running surface 

effect ship (SES) with a fully pressurized air cushion using numerical modeling and 

simulations. A systematic approach in modeling the interactions of the various components 

of the SES, such as forward speed, air cushion pressure, and bow and stern seal interactions 

with the pressurized air cushion and water domains, resulted in an accurate numerical 

reconstruction of the experimental test conditions. Numerical simulation results are 

compared to experimental data from a free-running SES scale model to measure the 

response of flexible, hydroelsatic bow finger deflections. A two pronged numerical 

modeling approach was developed to systematically study the behavior of a fully-

pressurized SES under a steady current. First the fluid-structure interaction (FSI) behavior 

of a full SES model with multiple rigid bow seals is studied. Simulation results show that 

the fluid flow in the cushion chamber away from the hull boundaries is practically identical 

from seal to seal. Subsequently, the dynamics of a fully-coupled FSI behavior of a single 

flexible bow finger with partial submergence in a uniform current is examined in detail. 

Numerical results show that the predictions of the bow finger seal deflections compare well 

with experimental data. The fully-coupled FSI modeling and analysis metholdolgy 

developed can be readily employed to perform parametric studies on a wide range of 

parameters including free stream water speed, air cushion pressure and depth of immersion. 
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Keywords: Fluid-Complex structure-Interaction, Surface Effect Ship, Cushion Pressure, 

Bow Finger Seal Dynamics, Finite-Element, Arbitrary Lagrangian-Eulerian Formulations 

 

6.2 Introduction 

 

A free-running surface effect ship (SES) is an innovative concept designed to advance the 

speed and logistics of naval operations. An SES is a fan-activated air cushion vessel with 

two side hulls which operates in modes of full displacement, partial air-cushion support 

and a full air-cushion support. Predicting the SES bow seal motions is of paramount 

importance in the design phase, as the ship motion is affected by the interaction between 

the pressurized air cushion, bow and aft seals, and the sea waves in different propagating 

water depth regimes. 

Extensive background and historical perspective of SES development was documented in 

Lavis (2011) and Yun and Bliault (2000). Previous model and full scale SES seal dynamics 

studies were conducted as far back as the 1970s. A detailed quantification of SES seal 

motions, in particular fluttering and wear-inducing folding was conducted by Besch (1976), 

wherein accelerations of seals were collected by surface-mounted accelerometers. Also, 

Besch (1976 & 1979) included qualitative photographic monitoring of seal motions. A 

similar methodology to Besch (1976 & 1979) was employed by Ryken (1978), which 

aimed to quantify the bow finger motions and seal drag of the SES-100B ship design. The 

investigations included lift and drag of bow and stern seals, maneuvering performance, air 

cushion pressure distribution and fan rates, and time- and frequency-domain simulations 

based on trial data. 
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Doctors and McKesson (2006) developed an analytical approach to predict the deflection 

of two dimensional bow and stern seals. An experiment was conducted at the University 

of Michigan for evaluating the bow seal drag characteristics (Wiggins et al., 2011). The 

experiment focused on two dimensional planing bow seal deflection under steady forward 

speed (Zalek et al. 2011) and position of deflected bow seals. Donnelly et al. (2010) used 

computational fluid dynamics simulations (STAR-CCM+) to study the drag and the effect 

of cushion pressure on rigid seals. They carried out simulations for a range of Froude 

numbers and in two headsea regular wave conditions. Espinosa et al. (2013) used a time-

domain finite element model to evaluate the SES skirt dynamics using a potential flow 

approach with a stream-line integration of the free surface. They developed a fluid-

structure algorithm to study the dynamic behavior of the seals in the interface between the 

air cushion and water. Kramet et al. (2013) studied the calm-water resistance of an SES 

including bow and stern seal interaction effects in steady-state operations. They developed 

a simple and effective 2-D numerical model based on a potential-flow solver with a single-

degree-of-freedom seal model and a rigid body vessel motion model. Their numerical 

model offered accurate predictions for the low-speed resistance of SES seal drag and vessel 

motion. Yang et al. (2010) studied a complex fluid-structure (FSI) problem involving 

simulation of a two-dimensional free-stream flow interacting with a deformable, 

pressurized surface, such as an air cushion vehicle or surface effect ship (ACV/SES) bow 

seal using the finite element method (FEM) and the smoothed particle hydrodynamics 

(SPH), or FEM-SPH, coupling approach. In their study the fluid domain was based on SPH 

and the structural domain employed a large-deformation FEM. Imas et al. (2011) 

numerically examined the three-dimensional fluid-structure interaction between a free-
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surface disturbance and a deformable membrane as a canonical problem representative of 

the interaction between an SES skirt advancing with forward speed in waves using an SPH 

method. Bloxom (2014) verified and validated a commercially available FSI numerical 

simulation tools to model the bow seal mechanics. The computational tools utilized were 

an iterative partitioned coupling scheme between STAR-CCM+ finite volume fluid solver 

and a finite element structural solver (Abaqus) to simulate the FSI response of a system. 

Preliminary verification and validation work was carried out to understand the numerical 

behavior of the codes individually and together as a FSI computational and analysis suite. 

Due to markedly limited literature in utilizing finite element analysis and fully coupled FSI 

modeling techniques for SES bow finger seals endeavors an opportunity to evaluate the 

bow seal motions of an SES. 

This study examines the bow finger seal motions of a scale-model of a free-running surface 

effect ship (SES) with a fully pressurized air cushion using numerical modeling and 

simulations. A brief description of the set-up of an experiment conducted on a free-running 

SES at the Oregon State University Hinsdale Wave Research Laboratory to measure the 

bow seal deflections is presented first to give an insight into the concept of a pressurized 

air cushion while a free-running SES was underway. This is followed by a description of 

the numerical formulation and procedure to model the interaction between bow finger seals 

and the water-free surface. A two pronged numerical modeling approach was developed to 

systematically study the behavior of a fully-pressurized SES under a steady current. First 

the fluid-structure interaction (FSI) behavior of a full SES model with multiple rigid bow 

seals is studied. Subsequently, the dynamics of a fully-coupled FSI behavior of a single 

flexible bow finger with partial submergence in a uniform current is examined in detail. 
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Major findings are summarized in the conclusion section. (A brief introduction to the SES 

and the concept of air-cushion in the SES are presented in Appendix B.) 

 

6.3 Free-running SES physical experiment 

 

A free-running surface effect ship (SES) experiment was conducted in the Oregon State 

University Hinsdale Wave Research Laboratory 3D wave basin. The experiment was 

designed to provide data for the hydroelastic response of a bow finger seal near the 

centerline of the scale model. The experiment required a steady forward speed therefore 

the SES scale model was retrofitted to execute free-running maneuvers. Due to the weight 

margins of the SES of opportunity, only slow speeds were achievable.  Also, due to the 

usable length of the three-dimensional (3D) wave basin at OSU, only relatively short runs 

were possible.  

A principal hypothesis of the experimental investigation is that the strain in the bow finger 

seal material is small and does not exceed the linear region of the stress-strain relationship.  

Also, the seal material is assumed to behave as a membrane, where stress normal to the 

surface is neglected but nonlinear geometric deflections are important.  Following those 

assumptions, the material used for the bow finger seals is confirmed to be thin enough to 

be modeled as a shell, and to contain negligible bending stress. A ripstop nylon fabric was 

used for the bow and stern seals, and the Young’s modulus was approximately 14.9x107 

N/m2 and the Poisson Ratio was approximately 0.14 (Lamcotec 2014). The nylon material 

was part of the original configuration of the hull, so the author’s did not have control of the 

material selection.  
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In order to obtain an accurate, robust surface effect ship model in a timely manner, an SES 

scaled model with a linear scale factor of approximately 1:30 was used. Figure 6.1 shows 

a free-running SES model.  

 

 

Figure 6.1: Free-running SES model  
 

Table 6.1 shows the free-running SES experiment parameters which include the mass 

properties of the SES scale model and moments of inertia and the physical dimensions of 

the SES scale model. Two high speed cameras were mounted over an opening in the wet 

deck near a bow finger seal on the SES model.  Figure 6.2 shows the orientation of the 

cameras, and an example still image from video collected during a constant speed, straight 

trajectory trial is shown in Figure 6.3. 
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Table 6.1. Free-running SES experiment parameters 

 

SES scale model physical dimensions 

 

Value 

Length 2.89m 

Beam width 0.76m 

Height 1.92m 

SES scale model mass 

Characteristics 

 

Value 

Mass 73.3 kg 

Centre of gravity Longitudinal Lateral Vertical 

1.17m 0.00m unknown 

SES scale model 

 moments of inertia 

Period of 

Oscillation (s) 

Principal Moment 

of Inertia (kg-m2) 

Roll 0.64 15.9 kg-m2 

Pitch 0.49 73.8 kg-m2 

Yaw 2.39 65.4 kg-m2 

 

 

 

Figure 6.2: As-installed orientation of bow finger seal high speed cameras mounted 

on acrylic window. 
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Figure 6.3: Raw color image of bow finger seal from high speed video 

 

Experimental results for the forward motion of a model-scale SES (0.7m/s) with a fully 

pressurized air cushion chamber (408Pa) produced a dominant frequency of bow finger 

seal deflection to be approximately 12.1Hz. For the vibrating SES bow finger seal the 

wavelength of the predominant progressive waves were identified based on the sampling 

of the high-speed video in which progressive crests could be seen. The average value of 

the wavelength was 0.0240m. 

An important quantity for the SES bow finger seal is the maximum deflection of the bow 

finger seal skirt nodes once a steady state is achieved. Experimental results obtained from 

qualitative videos for the equilibrium deflection of the skirt nodes reveal that the SES 

model scale has a mean x-displacement of 0.002m, y-displacement of 0.0001m and z-

displacement of 0.011m, respectively. 
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6.4 General hydrodynamics of the flow around the SES 

 

A high-speed vessel is defined as a craft with maximum operating speed higher than 30 

knots (>15m/s) (Baird 1998). However, hydrodynamicists tend to use a Froude number 

/rF V gL  larger than about 0.4 to characterize a fast vessel supported by the submerged 

hull (Faltinsen 2005), where V is the ship speed, 
sL  is the overall submerged length of the 

ship and g is the acceleration due to gravity. 

The fundamental hydrodynamics present near a SES bow finger seal includes the 

acceleration of the quiescent fluid around the seal as the scale model travels along a free 

surface, the hydrostatic water pressure due to the set down of the free surface inside the air 

cushion cavity, and the generation of a turbulent boundary layer on the leading face of the 

seal. 

In this study, for a flow speed of 0.7m/s, maximum submerged length of the ship of 2.46m 

(with the bow finger predominant length of 0.13m) and, for a water depth of 1.5m, the 

values of the Reynolds and Froude numbers are 9.1x104 (range: 4 53.0 10 Re 1.2 10    ) 

and 0.18, respectively. This shows that the flow is subcritical (i.e., 1rF  ) and it is in the 

turbulent regime where the viscous effects is negligible compared to inertial effects. 

Observations from the experiments reveal that the motion of the bow seal fingers can be 

divided mainly into three components: (i) the mean values of the bow seal deflections, 

which are nonlinear functions of inside pressure, outside pressure, finger material 

characterization, mean finger height and vessel speed, (ii) the fluctuating motions are due 

to turbulence, and (iii) the effect of turbulence on the bow finger motions. 
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6.5 Arbitrary Lagrangian-Eulerian formulation and finite-element solution 

procedure 

 

The Navier Stokes equations and the ALE formulations are solved over the entire 

computational domain. In the ALE description, an arbitrary referential coordinate is 

introduced in addition to the Lagrangian and ALE coordinates (Souli and Benson 2010). 

The material time derivative of a variable with respect to the reference coordinate can be 

described as 

( , ) ( , )
( ) ( , )

dg X t g x t
v w gradg x t

dt t


   


       (1) 

where X  is the Lagrangian coordinate, x  is the ALE coordinate, v  is the particle velocity, 

and w  is the grid velocity of the numerical simulation. The ALE differential form of the 

conservation equations for mass, momentum, and energy are readily obtained from the 

corresponding Eulerian forms: 

Mass: 

 ( ) ( ) ( ) 0div v v w grad
t


 


   


      (2) 

Momentum: 

 

( ) ( ) ( )

( )

v
v w grad v div f

t

dv
div f

dt

  

 


    



 

       (3) 
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Energy:  

( ) ( ) : ( )

: ( )

e
v w grad e grad v f v

t

de
grad v f v

dt

  

 


    



 



      (4) 

where  is the mass density, f is body force vector, and e is the total energy.   denotes 

the total Cauchy stress given by: 

( ( ) ( ) ) 2 / 3
T

pI grad v grad v grad vI              (5) 

where p is the pressure, I  is the identity tensor,   is the dynamic viscosity, and ( )v w

is the convective velocity across the grid.  

 

6.6 Finite-Element modeling of air and water domains and SES 

 

The fully coupled FSI problem is modeled using solid brick elements. The analysis of a 

SES against a steady flow in general and the bow seal deflections in particular is studied 

as a three-dimensional phenomenon. A numerical code for nonlinear dynamic analysis of 

structures in three dimensions (3D), LS-DYNA, is used in the current study (Version: 

mpp971d R7.0.0 and Revision: 79055) [20].  

Figures 6.4 shows the initial configuration for the three dimensional ALE-FE simulation. 

Isometric view of the computation domain consisting of SES, water, air and air-pump is 

shown in Figure 6.5. Dimensions of the SES model are as per the specifications given in 

Table 1. 
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Figure 6.4: FE-ALE simulation: 3D Computational domain of SES system (Red: 

water domain | Blue: air domain | Yellow: SES with rigid bow finger and stern 

seals) 

 

 

 

 
 

Figure 6.5: FE-ALE simulation: Isometric view of the 3D computational domain of 

fully coupled SES domain (SES, water, air and air-pump) 

 

The FSI model involves three components: the water domain, the air domain and the SES 

(Figures 6.4 and 6.5). The air-water mesh was modeled as a rectangular mesh (mesh size 

of 10mm grid). The computational domain constitutes of 273,934 nodes, 237,105 solid 

elements with two solid parts of which there are 80,817 rigid shell elements (SES) and 

156,288 deformable elements (air and water ALE solid elements). An important feature in 

simulating contact and impact problems is proper modeling of the two-phase flow 

including the presence of air. In this study we include air modeling using material 

properties and a governing equation of state (Challa and Yim, 2014).  

Dynamic FE models for the FSI requires a detailed set-up procedure which involves 

modeling of the various components needed to accurately simulate the physics, material 
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and element characterization of the participating components followed by a proper 

coupling mechanism to define a contact between various materials, boundary condition and 

load body definitions. A fluid with very little shear strength is used to model the water and 

air domains with mass densities of 1,000 kg/m3 and 1.29 kg/m3, respectively, which needs 

an equation of state to be defined. The bow seal is treated as a flexible body with a mass 

density of 0.0417kg/m3, Young’s modulus of 2E+07N/m2 and Poisson’s ratio of 0.3. 

The air-water domains have been discretized using 8-noded solid brick elements. Bow 

finger seals have been modeled using 4-noded Belytschko-Lin-Tsay shell element with a 

membrane formulation. Belytschko-Lin-Tsay shell element (Belytschko and Tsay, 1981 

and 1984) is the basis for this very efficient membrane element. A triangular membrane 

element may be obtained by collapsing adjacent nodes of the quadrilateral. Detailed 

formulation of the membrane formulation is presented in Appendix C. 

In the present study, a penalty based coupling is used to model the complex event between 

SES (bow fingers in particular) and the water-air domain. This type of interface/contact is 

mainly used when there is a need for the Arbitrary Lagrangian and Eulerian (ALE) 

transformations for the coupled contact-impact scenario.  

The boundary conditions employed in the numerical model are partially the material 

surfaces (out-of-plane, in-plane and bending restraint). The material surfaces defined in the 

FE formulation are: (a) no particles can cross them and (b) stresses must be continuous 

across the surfaces. The elements of the water domain were given the null hydrodynamic 

material type which allowed a new equation of state (EOS) to be specified (Hallquist 2006). 

In many situations, an EOS is required to accurately simulate the material behavior. An 

EOS determines the hydrostatic behavior of the material by calculating pressure as a 
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function of density and perhaps, energy or temperature. Situations that call for an EOS (in 

the present case the water and air domains) are characterized by very high strain rates and 

material pressures. Hence EOS such as the Gruneisen is the suggested methodology to 

simulate fluid domains in the current FE solver. The Gruneisen equation of state with cubic 

shock velocity-particle velocity is applied in our numerical model and it defines pressure 

as: 

2 20
0

02 3

1 2 3 2

[1 (1 ) ]
2 2 ( )

[1 ( 1) ]
1 ( 1)

C

p E

S S S

 
   

 
 


 

  

  

   
 

     (6) 

where E is the internal energy per initial volume, C is the intercept of the 
ps uu  curve 

(speed of sound in water). 
1S , 

2S , and 
3S  are the coefficients of the slope of the

ps uu 

curve, 
0 is the Gruneisen gamma, and   is the first order volume correction to

0 . The 

compression is defined in terms of the relative volume (
rV ), given by 

0

0 0

(V/ M)

( / )
r

V
V

V V M




    where 

0 and  are the density at nominal/reference state (usually 

for a non-stress or non-deformed state) and current density, respectively. Similarly, 
0V is 

the reference volume and V is the current volume. A frequently used volumetric parameter 

( ) is given by 1
1

rV
   . Slope parameter 

1S  is set to 1.979 and the volume correction 

factor 
0 is set to 0.11 (also, 

2 3 0S S  ). Numerical model predictions are accurate when 

the selected sound speed (C ) is 1,484m/s. However, a value which is one-tenth of the 

original sound speed in water is sufficient to define the EOS for water is the pressure is not 

significantly influences by temperature changes.  
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The upstream boundary condition specifies an inlet velocity and the downstream boundary 

condition has a non-reflective boundary condition. The code permits automatic 

examination of the finite element mesh and material properties in order to determine an 

appropriate time step size for numerical stability. Termination time of the process and the 

time step increment is set by the user based on the processing time. This time step size is 

then automatically adjusted throughout the transient analysis based on the deformation and 

stress state of each structural element. Performing simulations involving fluid dynamics is 

computational-intensive and the complexity is magnified by the presence of the flexible 

structure(s) in the fluid domain. Finally, the time step in the numerical simulation is 

5.45 05e s. A brief summary of the FE ALE simulation trials is discussed below. 

 

6.7 Finite-element simulations 

 

Simulations shown here are a part of a series of numerical simulation tests to confirm the 

modeling and simulations of SES in general and a progressive testing technique of its 

individual components against a steady water current in particular. A systematic approach 

in modeling the interactions of the various components of the SES experiment, such as 

forward speed, air cushion pressure, and bow and stern seal interactions with the 

pressurized air cushion and water domains, resulted in an accurate numerical 

reconstruction of the experimental test conditions. 

The FE simulations were performed for two SES configurations: (1) fully-coupled FSI 

simulations for a full SES model with rigid seals (2) fully-coupled FSI simulations of a 

single flexible bow finger seal and an aft rigid seal. 
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Performing simulation using these two configurations require a free stream fluid velocity. 

While the full SES model with a rigid seal geometry was used to simulate the pressure 

inside the SES cushion chamber and to analyze the flow pattern around the rigid seals, a 

single flexible bow finger seal with an aft rigid seal geometry was used to predict the 

deflections of the seals. Details of both the simulations are presented below. 

Fully-coupled FSI simulations: Full SES model with a flat rigid plate bow seal – In these 

simulations, the SES hull form is represented by shell elements for the seals. Note that the 

bow seal is planar, as opposed to the curved bow finger seals. At approximately amidships, 

a pressurized air pump is introduced via the ambient air (pressure outflow boundary 

condition). The cushion pressure inside the SES chamber is close to 408Pa. This air pump 

equalizes the air cushion pressure to the experimental conditions over the first several 

seconds of the simulation. The inflowing pressurized air mixes and compresses the 

ambient, unpressurized air that fills the air cushion at time, t = 0s. The result of this process 

is a pressurized air cushion. 

The semi-transparent, isometric view of the SES FE model, emphasizing the location of 

the air-pump at approximately amidship is shown in Figure 6.6. An example of the air 

cushion air mixing and water level setdown is illustrated in Figure 6.7. Snapshots of the air 

pumping inside the SES chamber are shown is Figure 6.8. The pressure time history at 

three different locations in the SES cushion chamber are compared to the experimental 

cushion pressure of 408Pa. “E7113”, “E7233” and “E7353” are the elements at three 

strategic locations (bow, amidships and the stern) inside the SES chamber is shown in 

Figure 6.9. The pressure inside the cushion (from the numerical simulations) compare well 

with experimental data providing confidence that air pumping mechanism is accurate.  
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Figure 6.6: Semi-transparent, isometric view of the SES FE model, emphasising the 

location of the air pump at approximately amidships 
 

 

 

Figure 6.7: SES FE simulation near equilibrium air cushion pressure.  The green 

domain is water, the semi-transparent red is the SES shell exterior, the purple is the 

pressurized air cushion, and the semi-transparent tan is ambient air 
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Figure 6.8: Pressurized air cushion in the SES chamber (snapshots of air pumping) 
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Figure 6.9: Pressure time history of three elements (bow, amidships and stern) 

inside the SES cushion chamber 

 

A straight trajectory of the full SES model with rigid seals was computed for a forward 

speed of 0.7m/s and a cushion pressure of 408Pa. The spatially-distributed water speed for 

the straight trajectory case is shown in Figure 6.10. Figure 6.11 shows a truncated section 

of the flow around the centerline of the SES bow finger seals. Major insight into the fully-

coupled FSI (for a full SES model with flat rigid plate seal) shows that the fluid flow in the 

cushion chamber away from the hull boundaries is approximately uniform (hence two 

dimensional in the x-z plane). The water accelerates very little in the y-direction. Although 

difficult to see due to the three dimensional nature of the flow pattern, the water flow 

around the planar bow seal of the SES hull form is approximately two dimensional near 

the centerline.  
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Figure 6.10: SES FEA simulation with a forward speed of 0.7m/s and velocity in the 

water domain given by the colorbar 

 

 

 

 

Figure 6.11: Bow section of the SES hull form with a rigid seal (yellow) and water 

(brown and vectors) at approximately the same forward speed as the SES 

experiment 
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Simulation results for a full SES model with the curved shape of the bow fingers also 

showed that the flow pattern was practically identical from finger to finger and the mean 

pressure distribution is similar to that of the flat plate. 

Also, the qualitative analysis of the video captures in the experiment shows that the seal 

only vibrates in a small region with the conditions of constant forward speed and air 

cushion pressure. Observations from the videos of the experiments reveal that the webbing 

that connects the bow finger seals do not move which confirms the numerical finding that 

the flow behvior around the bow fingers is practically identical from finger to finger (with 

little or no interaction). Therefore it is sufficient to study the hydrodynamic behaviour of a 

representative individual bow finger alone. This is an encouraging fact that helps to identify 

the “region of interest” as individual bow fingers. 

Fully-coupled FSI simulations: Single flexible bow finger and a rigid aft seal – Figure 6.12 

shows the three dimensional isometric view of the computational domain. In order to 

simulate the region of interest, the top, port, and starboard edges of the single bow finger 

seal are held fixed in translation. A constant pressure (408Pa) was applied to the bow finger 

equivalent to a fully pressurized air cushion chamber of the SES (see Figure 6.9). The mean 

water set-down due to the air pressurization in the experiments was approximately 0.07m. 

A volume fraction technique (which is a volume-filling method to replace one FE material 

with another before the start of the simulation) is used to model this set-down (Figure 6.13). 

Detailed information on the volume fraction is given in Appendix D.  
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Figure 6.12: Three dimensional isometric view of the computational domain. 
 

Before presenting the simulation results for the single flexible bow finger seal and a rigid 

after seal geometry the membrane formulations along with the boundary conditions applied 

are given below. 

Membrane formulation – The membrane formulation utilizes co-rotational kinematic 

equations of motion and follows the fundamental membrane assumptions (Ugural 2009): 

(i) membrane thickness is negligible with respect to the radius of curvature, (ii) deflection 

of the membrane are negligible with respect to the membrane thickness, (iii) planes remain 

planes for the deflected midsurface of the membrane, and (iv) stress in the normal direction 

of the membrane is negligible. The boundary conditions of the seal are based on the 

qualitative interpretation and quantitative post processing of video captured from inside the 

air cushion with cameras attached to the wet deck. A still image example of the perspective 

of those cameras is shown in Figure 6.13. 
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Figure 6.13: Example still image from the forward-facing wet deck camera.  This 

image was taken while the SES scale model had zero forward speed and on full air 

cushion pressure (approximately 408Pa).  The blue line highlights the approximate 

exterior water line, and the red line highlights the approximate interior water line 

 

The intersection between the leading face of the finger seal and the web portion that 

attaches to the top affixed potion of the seal is called the junction, for the purpose of this 

work (Figure 6.13). From the video, we noticed that the junction does not vibrate during 

the trials. Therefore, a simplified domain of the seal geometry was used in this analysis, 

and a translation-fixed boundary condition was applied along the junction. Of course, a 

translation-fixed boundary condition is also used along the top nodes of the seal geometry. 

Figure 6.14 shows the nodes and elements of the SES bow finger seal simplified geometry 

with the translation-fixed boundary conditions identified by small triangles. The mesh used 

for the analysis contained 41 rows and 31 columns of nodes, forming a shell with 1,200 

quadrilateral elements. The modulus of elasticity used for the material was 2.0 07E  N/m2, 

and the Poisson’s ratio was 0.14. The material properties are based on the material 

evaluations provided in Cochrane et al (2007). The air cushion pressure is applied as point 
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loads to each element of the bow finger seal. The surface normals are pointed outwards to 

the interior face of the bow finger seal [Figure 6.14(a)]. Constant cushion pressure is 

applied via a follower load, which acts opposite to the surface normal [Figure 6.14(b)]. 

 

 

                

 

 
 

Figure 6.14: (a) SES bow finger seal simplified geometry and boundary conditions 

shown by small triangles [Left] (b) Membrane element normal pointed outward in 

direction of water current [Right]. Follower load for cushion pressure acting 

opposite to surface normal. 

 

Simulation results for the fully-coupled FSI with a single flexible bow finger and a rigid 

aft seal geometry are shown in Figure 6.15. Snapshots of the images showing the bow seal 

deflection are shown in Figure 6.16. 
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Figure 6.15: Snapshots of the simulation results for fully coupled FSI with a single 

flexible bow finger and a rigid aft seal geometry 
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Figure 6.16: A snapshot of images depicting the bow seal deflections 
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6.8 FE simulation results of bow finger skirt node deflections 

 

Numerical simulation results for the single flexible bow finger displacement time histories 

are shown for: (i) all the skirt nodes of the flexible bow finger, (ii) three adjacent nodes on 

the centerline and pressure and stress time histories for three adjacent membrane elements 

at the centerline (Figure 6.17). Note that the simulation test cases shown below are carried 

out at the prototype scale to take advantage of the bigger size of the elements and hence a 

larger time step size.  

 

 

Figure 6.17: Bottom skirt nodes of the bow finger seal and the middle three nodes 

and membrane elements of the bow finger seal 

 

Simulation results shown below are for the computational set-up with a single flexible bow 

finger seal with a rigid stern seal geometry (Figures 6.18-6.20). Note that the gravity is 

ramped gradually from zero to 0.2sec and the pressure on the bow finger (acting opposite 

to the direction of the shell segment normal) comes into full effect at 4 seconds. Also notice 

that the bow finger reaches its initial maximum deflection due to the incoming water 

current from 3.8 to 6.6 seconds and once the cushion pressure comes into full effect and 

the current in the numerical water tank reaches a steady state the bow seal stabilizes and 

reaches an equilibrium which can be observed from 10 to 16 seconds. As mentioned at the 
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end of the experimental section, the results obtained from qualitative videos for the 

equilibrium deflection of the bow seal bottom skirt nodes reveal that the SES model scale 

has an x-displacement of 0.002m, y-displacement of 0.0001m and z-displacement of 

0.011m respectively.  

Figures 6.18(a) and (b) show the x-displacement time histories of bow finger skirt nodes 

and the centerline three middle nodes of the bow finger seal skirt nodes, respectively. 

Corresponding results for y-displacement time histories are shown in Figures 6.19(a) and 

6.19(b) and z-displacement time histories are shown in Figures 6.20(a) and 6.20(b). 

The maximum x, y and z displacements from the numerical simulations are 0.005m, 

0.0001m and 0.008m, respectively. Interestingly, even though the presence of the stern 

stabilizes the mean water-level satisfactorily, the bow finger seal skirt region is very 

sensitive to the fluctuating water line aft of the bow finger seal (especially at the complex 

air-water-skirt interface). This can be attributed to: (i) open boundary on the downstream, 

and (ii) mean depression of water set-down detaches from the seal-water interface 

eventually. Note that the bow finger seal in general and the skirt nodes in particular are 

sensitive to the water level set-down. Any small fraction of change in the water level will 

result in a significant change in the x and y bow seal deflections. 
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(a) Bow finger seal skirt nodes 

 

(b) Three center bow finger seal nodes (N110-N112-N114) 

Figure 6.18: X-Displacement time history of bow seal skirt nodes 
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(a) Bow finger seal skirt nodes 

 

(b) Three center bow finger seal nodes (N110-N112-N114) 

Figure 6.19: Y-Displacement time history of bow seal skirt nodes 
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(a) Bow finger seal skirt nodes 

 

(b) Three center bow finger seal nodes (N110-N112-N114) 

Figure 6.20: Z-Displacement time history of bow seal skirt nodes  
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A comparison of the mean equilibrium deflection for the three center nodes calculated from 

the numerical simulation results with those obtained by experimental tests are shown in 

Table 6.2. Note that the values presented in Table 6.2 are the average of three runs. The 

final values are the mean of displacement values obtained from 10 seconds to 16 seconds 

of the data plotted in Figures 6.18(b), 6.19(b) and 6.20(b). 

 

Table 6.2: Comparison between experimental and numerical simulation results for 

mean equilibrium deflections of the bow finger seal 

 

 

Coordinate 

 

Experiment 

(Mean Equilibrium Deflection) 

 (m) 

Numerical 

(Mean Equilibrium Deflection) 

 (m) 

 

X 0.002 0.005 

Y 0.0001 0.0001 

Z 0.011 0.009 

 

Figure 6.21 shows the pressure time history of the three elements of the skit membrane 

elements (see Figure 6.17) for which the displacement time histories are available. 

Maximum pressure on the bow finger seal is approximately 1,200 Pa at the skirt node. The 

effective stress time histories of the three elements of the skirt membrane elements that 

accompany the nodes are shown in Figure 6.22. Maximum effective stress in the bow seal 

is 3,500 N/m2. 

 



215 
 

 

Figure 6.21: Pressure time history for the bottom skirt elements 

 

 

 

 
 

Figure 6.22: Stress time history for the bottom skirt elements 
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Figure 6.23 shows the computation time for different mesh configurations. Figure 6.23 also 

shows that for the 1200 element case takes approximately 334 hours for a termination time 

of 20 seconds. Figure 6.24 shows the maximum x, y and z deflections of the bow finger 

seal skirt nodes for different mesh sizes and the deflection values seem to converge for a 

higher mesh fidelity. It is important to bear in mind the 550 hour computation time for a 

2400 element test case for which repeatability is difficult (given the fact that water level 

set down plays a significant role in determining the bow seal skirt node deflections). 

 

 

Figure 6.23: Computation time for different mesh configurations (Green: 1200 

element case for which the numerical results are shown) 
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Figure 6.24: Maximum x, y and z deflections for four different mesh configurations 

(Green: 1200 element case for which the numerical results are shown) 
                
                               

  

6.9 Conclusions 

 

This study examines the bow finger seal motions of a scale-model of a free-running surface 

effect ship (SES) with a fully pressurized air cushion using numerical simulations. The 

predictive capability of a finite element model with arbitrary Lagrangian-Eulerian 

formulation is validated for the bow seal deflections using experimental data. A fluid 

flexible-structure interaction model was used to model a water channel and various 

components of an SES to predict the maximum deflections of the bow seals. A systematic 

approach in modeling the interactions of the various components of the SES experiment 

including forward speed, air cushion pressure, and bow and stern seal interactions with the 

pressurized air cushion and water domains, resulted in an accurate numerical 
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reconstruction of the experimental test conditions. The major conclusions obtained from 

the numerical analysis are summarized below: 

 For a fully-coupled FSI, full SES model with a flat rigid plate seal showed that the 

fluid flow in the cushion chamber away from the hull boundaries is approximately 

uniform (hence two dimensional). Numerical simulation results for the air cushion 

pressure inside the SES chamber also compared well with experimental data. 

 For a fully-coupled FSI, full SES model with rigid seals with the actual shape of 

the bow fingers showed that the flow pattern was practically identical from finger 

to finger and the pressure distribution was similar to that of the flat plate. Therefore, 

it may be sufficient to study the motion behavior of a representative individual bow 

finger. 

 A fully-coupled FSI simulation of a single flexible bow finger and a rigid aft seal 

geometry with partial submergence in a uniform current is shown to predict the 

maximum bow finger seal skirt deflections accurately with experimental data. 

 Results from a mesh convergence study show that the numerical model can 

accurately predict the maximum displacement with a reasonable number of 

elements (on the order or thousands).  

 In light of the good comparison with the experimental data, the fully-coupled FSI 

modeling and analysis can be readily employed to perform parametric studies on a 

wide range of free stream water speeds, air cushion pressures and depths of 

immersions. 
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7 GENERAL CONCLUSIONS 

 

This dissertation systematically examines contact and impact fluid-structure interaction 

(FSI) applied to various practical multi-physics ocean engineering problems. To this end, 

numerical simulations were performed to study: (A) rigid body contact and impact (drop 

tests and fluid sloshing in a LNG tank), (B) flexible body contact and impact (elastic plate 

deformation), and (C) complex flexible body contact and impact (bow finger seal motions 

of a surface effect ship). The main findings of the work presented in this dissertation are 

provided below. 

 

(A) Concluding remarks on the rigid-body contact and impact 

 A conical shaped water landing object (WLO) with a spherical nose compared to the 

convex shape of the base used for Apollo Command Module (ACM) provided a 

unique opportunity to study the rigid-body/water-surface impact dynamic response 

using experimental and numerical investigations. 

 Experimental results from a series of drop tests show that for a crew member onboard 

the rigid body will experience a maximum impact acceleration of 5 g . 

 For a conical bottomed rigid-body, the analytical results showed a large difference 

between the experimental peak impact accelerations and those obtained by classical 

von-Karman and Wagner closed-form solutions. 

 An improved approximate solution procedure using an “equivalent” radius (r) of the 

rigid body was estimated (owing to the large difference between the experimental 
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accelerations and close-formed analytical solutions) and the results show that the von 

Karman approach tends to estimate a higher value of the impact radius 

 von Karman predictions for maximum impact accelerations were not found to be 

significant in determining the maximum impact accelerations as the effect of local 

rise up of the water are important during water entry of a 3-D rigid body  

 Results from the mean equivalent radius approach show that the analytical solutions 

of von Karman and Wagner can be used to obtain design maximum accelerations of 

the rigid body consistent with experimental results. 

 For the design of a WLO, the Wagner approach provides a correct estimate of the 

equivalent radius and the importance of the shape of a rigid-body during water impact 

can be ascertained by the results obtained from the closed form solutions of von 

Karman and Wagner 

 The reliability and accuracy in evaluating the predictive capability of a non-linear 

transient dynamic finite code with arbitrary Lagrangian-Eulerian (ALE) formulation 

and a smoothed particle hydrodynamics (SPH) for simulating the impact event 

showed that the simulation results for maximum impact accelerations (upon 

touchdown) compare well with those obtained from experimental data. 

 Both the numerical methods are shown to capture the impact event, hydrodynamic 

force, and impact accelerations accurately, the computational effort required of the 

SPH method is significantly higher than that of ALE. 

 A comprehensive study shows the importance of proper modeling of the two-phase 

flow with the actual modeling of the air and the positioning of the rigid-body. This 

provided important “realizations” that not only facilitates the accurate way of 
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capturing of the physics of the impact event accurately but also provides data sets 

that are comparable to experimental test cases. 

 A systematic numerical study conducted to analyze the physics of fluid sloshing 

process in a tank subjected to a forced rolling motion (for three different excitation 

frequencies) showed that the fluid sloshing in the tank is practically periodic with 

wave breaking in the interior of the fluid domain or impacting the tank walls. 

 Numerical results are shown to capture not only the global sloshing scenario in terms 

of the fluid free surface but also the overall dynamics of the wave breaking and 

impact process. 

 Maximum impact pressure results for all the cases show that general impact behavior 

of the pressure response is well reproduced and the numerical simulations appear to 

slightly over predict the impact pressures which was attributed to the complex 

random nature of the air-water-bubble mixture at the impact zone (which tends to 

smooth of the impact pressures). Importantly, the maximum impact pressure was 

found to occur at an excitation frequency that is higher than the first sloshing 

frequency (case C) where the amount of air entrapped is significantly less.  

 Numerical simulation results presented in terms of pressure impulse (not just the 

pressure maxima) showed greater consistency as the variation of the pressure impulse 

with the oscillation cycles is minimal. 

 Numerical results for a low-fill situation show that the air compressibility has 

negligible effect on the non-dimensional pressure maxima for all the three excitation 

periods. Though the complex air-water mixture at the impact zone can locally effect 

the pressure, the global values of the maximum impact pressure do not vary 
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significantly thus validating the assumption the effect of air on sloshing impact 

pressures is negligible. 

 A detailed sensitivity analysis for two high-filled condition shows that the pressure 

field is highly sensitive to the compressibility of air. Numerical simulations 

neglecting the presence of air consistently under-predict the maximum impact 

pressures by several orders of magnitude.  

 

(B) Concluding remarks for the flexible-body contact and impact 

 A consistent computational platform to study the predictive capability of an arbitrary 

Lagrangian-Eulerian based finite element (FE) formulation and a discrete particle 

method (SPH) for the numerical simulation of a benchmark fluid-structure interaction 

was presented.  

 Numerical simulation results show that the displacement of the elastic gate subjected 

to a time-dependent fluid pressure and the evolution of the fluid free-surface profiles 

can be predicted accurately (within 4%) by the ALE/FE formulation.  

 A (pure Lagrangian) SPH method predicted a significantly larger motion of the free 

end of the gate and a faster decrease in the fluid level leading to an over prediction 

of horizontal and vertical gate displacements (by 37% and 71%, respectively). 

 Reasons for the higher predictions of the elastic gate displacements by the SPH 

method were identified and analyzed in detail. The large oscillations in the pressure 

field need smoothing techniques such as adding artificial bulk viscosity to stabilize 

the velocity field and by also applying correction to the density-pressure estimates 

using higher order kernel approximations.  
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 Results obtained by varying the smoothing length between the lower bound (bounded 

by stability, 1.03h   for the problem in this study) and upper bound (bounded by 

computational efficiency, 1.03h  ) indicates that a larger smoothing length did not 

yield the most accurate results. The best prediction of the elastic gate displacement 

was obtained using the lower bound value (which is off by >50%).  

 An evaluation of the computational efficiency of the two numerical methods showed 

that the average clock ratios of the FE method is about four times faster than that of 

the SPH. 

 Numerical simulation results show that using more SPH particles per FE element at 

the fluid-structure interface leads to higher computational costs without noticeable 

improvements in accuracy.  

 An advantage of using the SPH method is the relatively short pre-processing time 

and a good capture of the overall physics of the fluid motion. However, the ALE 

model is shown to capture the fluid-structure interaction and the fluid free-surface 

dynamics accurately. 

 

(C) Concluding remarks for complex flexible body contact and impact 

 A two pronged numerical modeling approach (using the finite element method) was 

developed to systematically study the behavior of a fully-pressurized scale-model of 

an SES under a steady current.  

 Numerical simulation results for a full SES model with multiple rigid bow seals 

showed that the air cushion pressure inside the SES chamber also compared well with 

experimental data. 
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 For a fully-coupled FSI, full SES model with a flat rigid plate seal showed that the 

fluid flow in the cushion chamber away from the hull boundaries is approximately 

uniform (hence two dimensional).  

 For a fully-coupled FSI, full SES model with rigid seals with the actual shape of the 

bow fingers showed that the flow pattern was practically identical from finger to 

finger and the pressure distribution was similar to that of the flat plate. Therefore, it 

may be sufficient to study the motion behavior of a representative individual bow 

finger. 

 A fully-coupled FSI simulation of a single flexible bow finger and a rigid aft seal 

geometry with partial submergence in a uniform current is shown to predict the 

maximum bow finger seal skirt deflections accurately with experimental data. 

 Results from a mesh convergence study show that the numerical model can 

accurately predict the maximum displacement with a reasonable number of elements 

(on the order or thousands).  

 In view of the good comparison with the experimental data, the fully-coupled FSI 

modeling and analysis can be readily employed to perform parametric studies on a 

wide range of free stream water speeds, air cushion pressures and depths of 

immersions. 
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Appendix–A: Inertial properties of the WLO model 

 
The inertial properties of WLO model include the following calculations: 

 

Center of Gravity Calculations (VCG): 

 

            Distance, Z1   = 0.06 m 

Distance, Z2   = 0.20m 

Tension in Rope 1, T1  = 0.750 kg 

Tension in Rope 1, T2  = 1.271 kg 

Mass of the Model, W  = 2.030 kg 

             VCG = Z1 + T2 (Z2 - Z1)/W   or 

VCG = Z2 - T1 (Z2 - Z1)/W from top of the body       

  =    147.8 mm from nose of the model 

 

            Details of Moment of Inertia Calculations (Ixx): 

 

Mass of the model + Pendulum,   m1  =  12.43kg 

Mass of the Pendulum       m2  = 10.40kg 

Mass of the model         m  =  2.03kg 

Length of the Pendulum for m1, L1  =  1.627m 

Length of the Pendulum for m2, L2  = 0.725m 

Vertical Centre of Gravity,   VCG  = 147.8mm 

Dist. from Bearing to Model CG, L  = 0.848m 

Time Period for m1,      t1  = 2.3835sec 

Time Period for m2,      t2  = 1.9480sec     

2 2

1 1 1 2 2 2

2 24 4
o

t m gL t m gL
I

 
   

2

xx oI I mL   = 0.02173 kg m2 
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            Moment of Inertia Calculations (Iyy): 

 

Mass of the Body + Pendulum,   m1  = 12.43kg 

Mass of the Pendulum,       m2  = 10.40kg 

Mass of the Body,             m  = 2.030kg 

Length of the Pendulum for m1, L1  = 1.627m 

Length of the Pendulum for m2, L2  = 0.725m 

Vertical Centre of Gravity,   VCG  = 147.8mm 

Dist. From Bearing to Model CG, L  = 0.848mm 

Time Period for m1,      t1  = 2.398sec 

Time Period for m2,      t2  = 1.992sec 

2 2

1 1 1 2 2 2

2 24 4
o

t m gL t m gL
I

 
   

2

yy oI I mL   =0.021892 kg m2  

 

Moment of Inertia Calculations (Izz): 

 

Mass of the Body + Pendulum, m1  = 10.13kg 

Mass of the Pendulum,    m2  = 8.10kg 

Mass of the Body,      m  =  2.03kg 

Length of the Pendulum for m1, L  = 1.692m  

Vertical Centre of Gravity,   VCG  = 147.8mm 

Distance between Suspenders, b  = 340mm 

Time Period for m1,      t1  = 2.180sec 

Time Period for m2,      t2  = 2.240sec 

2

1 1

2

( )

4(2 )
zz

T b m g
I

L
 = 0.1852 kgm2 

Mass moment inertia of attachments  Izz
2 = 0.17113 kgm2 

            Yaw moment of inertia = Izz
1 - Izz

2 = 0.01402 kg m2    
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Center of Gravity 

Vertical center of gravity of fabricated WLSC model (measured from nose) =147.8mm 

 

Moments of Inertia 

Moment of inertia of the model with respect to major (X) axis (Ixx) =0.02173 kg m2 

Moment of inertia of the model with respect to minor (Y) axis (Iyy) =0.02189 kg m2 

Moment of inertia of the model with respect to vertical (Z) axis (Izz) =0.01402 kg m2 
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Appendix-B: Surface Effect Ships 

 

Surface effect ships (SES) or air-cushion catamarans of lengths less than 40m were 

frequently built for commercial use until the mid-1990s. The vessel is supported by an air 

cushion that is bounded by flexible seal systems at the bow and stern and by two side hulls. 

The aft seal is usually a flexible air bag consisting of a loop of flexible material open against 

the side hulls, with one or two internal webs restraining the aft face of the loop into a two 

or three-loop configuration (Faltinsen 2005). Figure 1 shows an example of a surface effect 

ship (SES). The bow seal (skirt) is usually a finger seal consisting of a row of vertical loops 

of flexible material.  

 

 

Figure B-1. Sweden’s SES test vessel – HMS “Smyge” 

(Source: http://www.islandengineering.com/ses_museum.html) 

 

A schematic of the concept of the air cushion and the water level inside the SES at zero 

forward speed is shown in Figure 2. An air fan system provides the excess pressure in the 

air cushion which lifts the SES up, thereby reducing the water resistance. The excess 

pressure in the air cushion causes a mean depression of the water level inside the cushion 

which is lower than the water level outside. The buoyancy of the side hulls carries the rest 

http://www.islandengineering.com/ses_museum.htm
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of the weight at zero speed. Evidently, when the vessel speed increases, the vertical side 

hull forces due to the water are caused by both hydrostatic (buoyancy) and hydrodynamic 

pressures. The fluid mechanics equations that govern the SES is presented below. Figure 2 

also shows the concept of air cushion and the water level inside the SES at zero forward 

speed. 

 

Figure B-2. Concept of air cushion of SES at zero forward speed 

 

The pressure in the water is simply 

ap p gz            (1) 

where 
ap is the atmospheric pressure. The coordinate system is defined in Figure 3, with 

the Z -axis pointing vertically upward and 0z   corresponding to the mean free-surface 

level outside the cushion. Be applying eq. (1) on the water surface inside the cushion, we 

find 

 
0 a ap p p gh            (2) 

that is, 0p
h

g
          (3) 
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We can find the buoyant volume of the side hulls of the SES (Figure 2) by balancing the 

weight, cushion pressure forces, and buoyancy forces, that is 

0 b bp A gV Mg           (4) 

where 
bA is the cushion area, 

bV is the hull volume below 0z  , and M is the mass of the 

SES. 

Therefore, by rearranging terms in equation 4 gives 

b b

mg
A h V


           (5) 

which shows that the depressed volume equals to the displacement minus the submerged 

hull volume. 
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Appendix–C: Membrane Element Formulation 

 

 

Membrane element 

The Belytschko-Lin-Tsay shell element (Belytschko and Tsay, 1981 and 1984) is the basis 

for this very efficient membrane element. In this section we briefly outline the theory 

employed which, like the shell on which it is based, uses a combined co-rotational and 

velocity-strain formulation. The efficiency of the element is obtained from the 

mathematical simplifications that result from these two kinematical assumptions. The co-

rotational portion of the formulation avoids the complexities of nonlinear mechanics by 

embedding a coordinate system in the element. The choice of velocity strain or rate of 

deformation in the formulation facilitates the constitutive evaluation, since the conjugate 

stress is the more familiar Cauchy stress. In the membrane elements the rotational degrees 

of freedom at the nodal points may be constrained, so that only the translational degree-of-

freedom contribute to the straining of the membrane. A triangular membrane element may 

be obtained by collapsing adjacent nodes of the quadrilateral (Hallquist 2006). 

 

Co-rotational coordinates 

The mid-surface of the quadrilateral membrane element is defined by the location of the 

element’s four corner nodes (Hallquist 2006). An embedded element coordinate system 

that deforms with the element is defined in terms of these nodal coordinates (Figure 1). 

The procedure for constructing the co-rotational coordinate system begins by calculating a 

unit vector normal to the main diagonal of the element: 
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Figure C-1. Construction of membrane element coordinate system (Hallquist, 2006) 

 

3
3

3

s
e

s



           (1) 

2 2 2

3 31 32 33s S S S            (2) 

3 31 42s r r            (3) 

It is desired to establish the local x axis x


 approximately along the element edge between 

nodes 1 and 2. This definition is convenient for interpreting the element stresses, which are 

defined in the local x y
 

 coordinate system. The procedure for constructing this unit vector 

is to define a vector 
1s that is nearly parallel to the vector

21r , viz 

3 31 21 21( . )s r r e e
 

           (4) 

1
1

1

s
e

s



           (5) 

The remaining unit vector is obtained from the vector cross product 

2 3 1e e e
  

            (6) 

The global components of this co-rotational triad define a transformation matrix between 
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the global and local element coordinate system. This transformation operates on vectors 

with global components ( , , )x y zA A A A and element coordinate components

^ ^ ^ ^

( , , )x y zA A A A , and is defined as: 

    
^

A A           (7) 

where    contains the global components of the element coordinate unit vectors. 

 

Velocity-strain displacement relations 

The co-rotational components of the velocity strain (rate of deformation) are given by 

(Hallquist 2006): 

1

2

ji
ij

j i

vv
d

x x




 

 
  

    

         (8) 

The above velocity-strain relations are evaluated only at the center of the shell. Standard 

bilinear nodal interpolation is used to define the mid-surface velocity, angular velocity, and 

the element’s coordinates (isoparametric representation). These interpolation relations are 

given by 

 1 ,m

Iv N v           (9) 

 1 ,m

Ix N x           (10) 

Where the subscript I is summed over all the element’s nodes and the nodal velocities are 

obtained by differentiating the nodal coordinates with respect to time, i.e. 
.

I Iv x . The 

bilinear shape functions are defined by: 
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         (11) 

The velocity strains at the center of the element, i.e. at 0  , and 0  , are obtained as   

1x xIId B v
 

  

2y yIId B v
 

            (12) 

2 12 xy xI yII Id B v B v
  

   

where 

1

2

I
I

I
I

N
B

x

N
B

y















          (13) 

Stress resultants and nodal forces 

After suitable constitutive evaluations using the above velocity strains, the resulting 

stresses are multiplied by the thickness of the membrane, h , to obtain local resultant forces 

(Hallquist 2006). 

Therefore, 

^ ^R

f h             (14) 

where the superscript R indicates a resultant force and the Greek subscripts emphasize the 

limited range of the indices for plane stress plasticity. 
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The above element centered force resultants are related to the local nodal forces by 





^ ^ ^

1 2

^ ^ ^

2 1

)

)

R R

I IxI xx xy

R R

I IyI yy xy

f A B f B f

f A B f B f

 

 

        (15) 

where A is the area of the element. 

The above local nodal forces are then transformed to the global coordinate system using 

the transformation relation given by (1). 
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Appendix–D: ALE Modeling Guidelines for Fluid-Structure Interaction 

 

 

Situlations involving the fluid modeling (wherein the deformation of the finite element 

mesh exactly follows the deformation of the material), a pure Lagrangian approach is often 

not suitable owing to the very large deformation of the material. Severe mesh distortion 

can lead to a smaller explicit time step and eventual instability. In the Lagrangian approach 

the nodes move directly along with the material and therefore the elements and materials 

translate, rotate and deform together. Material does not cross the element boundaries and 

thus the mass of the material within each Lagrangian element never changes 

In an Eulerian solution method, the materials flows (or advects) through the Eulerian mesh 

which is fixed in space. This material can move and deform within the fixed mesh. As the 

simulation progresses, at each time step some small amount of material may advect out of 

one cell and into an adjacent cell. At any given point in time, each Eulerian element may 

contain a mixture of multiple materials, hence referred to as “multi-material”. 

In contrast, in an arbitrary Lagrangian-Eulerian (ALE) formulation, the material flows (or 

advects) through the ALE mesh which is directed to move in some prescribed fashion as 

the simulation progresses, and is much better suited to modeling of fluid behavior. Note 

that though the material advection across the element boundaries is still required, a small 

amount of material advected each time step is generally less as compared to the Eulerian 

approach since the mesh is also moving. Eulerian method is a special case of ALE wherein 

the prescribed reference mesh velocity is zero. 

In many fluid-structure interaction (FSI) models these two methods can be combined using 

a coupling algorithm. Thus structural components that deform a moderate amount, such as 
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structural components of elastic members, composite fibers, or membranes, can be 

modeled with Lagrangian elements whereas fluids, such as air and water, and gas can be 

modeled with ALE elements. Presented below are some of the brief guidelines for ALE 

modeling in LS-DYNA provided by LSTC (2010).   

 

Applications to Fluid-Structure Interaction modeling 

ALE element formulation 

Generally when two or more fluids or fluid-like materials are to be modeled using the ALE 

approach in LS-DYNA, the recommended element formulation for those materials is the 

multi-material ALE formulation (ELFORM = 11 in *SECTION_SOLID). As the ALE 

materials flow through the ALE mesh, the material boundaries or interfaces in general do 

not coincide with the mesh lines. These material interfaces are internally reconstructed each 

time step based on the volume fractions of the materials within the elements. Each material 

is tracked independently using a unique ALE multi-material group (AMMG) ID using the 

command *ALE_MULTI-MATERIAL_GROUP. 

In some situations where the ALE mesh is initially devoid of material (called void) 

provides space into which other, higher density materials can be transported. Such 

materials are modeled with *MAT_VACUUM. If the space is occupied by air or an ideal 

gas with nonzero density *Mat_Null with an equation-of-state (EOS) such as *Gruneisen 

or *Linear polynomial is used. Situations where the motion of the ALE mesh in a specific 

predetermined fashion is essential (e.g., fluid sloshing in a tank) 

*ALE_Reference_System_Node/Group should be used. 

Element distortion (called Hourglassing) is an essential feature while dealing with 
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modeling large deformation problems. For materials modeled as gases or liquids using 

ALE, hourglass formulation 1 and a much reduced hourglass coefficient, e.g., 1.0E-6 or 

less, are recommended to prevent application of inappropriate hourglass forces. The default 

hourglass coefficient for ELFORM=11 is generally set to 1.E-06.  

 

ALE meshing 

Hexahedral elements with good aspect ratios are used for the ALE mesh. Initial mesh of 

the ALE domain is constructed to conform to the shape of the initial configuration 

Degenerate element shapes, such as tetrahedrons and pentahedrons, should be avoided as 

they lead to reduced accuracy and perhaps numerical instability during the advection 

process.  

 

 

Fluid and structure coupling 

Most often, in modeling FSI problems, the fluids are modeled with ALE hexahedron 

elements and the structure is modeled with Lagrangian shell or solid elements. In such 

models, the Lagrangian mesh usually does not share nodes with the ALE mesh. Rather, the 

interaction between the two meshes is performed using a coupling algorithm defined with 

the command *CONSTRAINED_LAGRANGE_IN_SOLID. This coupling mechanism 

serves to generate forces (by adding springs between elements) that resist penetration of 

the ALE material through the Lagrangian components. Coupling is a complex and 

important aspect of ALE modeling. Changing just a single parameter will change how the 

system behaves. Recommendations for using this feature for a proper coupling are provided 

below for certain important parameters.  
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Constrained Lagrange in Solid 

 
Figure D-1. Constrained Lagrange in Solid Keyword 

 

In this coupling mechanism the master is always the ALE elements and the slave is always 

the Lagrange elements. The opposite is valid for the SPH model. The amount of coupling 

between these two elements is dictated by NQUAD. It determines the number of coupling 

points distributed over each Lagrangian slave segment.  For example, if NQUAD=2, then 

there are 2x2 = 4 coupling points on each Lagrangian slave segment. If the Lagrangian 

slave segments are approximately the same size as or smaller than the Eulerian/ALE 

element faces, NQUAD=2 will generally suffice. On the other hand, if the Lagrangian slave 

segments are coarser/larger than the ALE element faces, NQUAD may need to be raised 

to 3 or higher to provide proper coupling. Note that a larger value of NQUAD can make 

the computation very expensive. An insufficient value of NQUAD may lead to leakage of 

the ALE material through the Lagrangian elements. Therefore, an optimum value based on 

a trial and error procedure is needed to model the correct physics of the problem without 

the leakage. 

The parameter CTYPE identifies the coupling algorithm employed. The most common 
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parameter, the one that is used extensively in this research, is the penalty based coupling. 

In most FSI applications, penalty based coupling is more robust and is set to 4.  

Direction of coupling (compression or tension) is determined by the DIREC parameter. 

There are three options: compression and tension in the normal direction, compression only 

in the normal direction, and compression and tension in all directions. When simulating a 

fluid flow, coupling in compression is needed.  

The parameter MCOUP defines the AMMG(s) to which the Lagrangian slave side is 

coupled. Comparatively if one AMMG dominates the forces imparted to the Lagrangian 

structure compared to the other, MCOUP should be set to 1. This is typical in situations 

where the density of one AMMG is far greater than the density of the other. Importantly, 

in cases where the effects of two or more groups take part in active coupling, MCOUP can 

be set to a negative number. 

  

Initial Volume Fraction Geometry 

 

Figure D-2. Initial Volume Fraction Geometry Keyword 
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Initial Volume Fraction Geometry (IVFVG) is volume-filling command for defining the 

volume fractions of various AMMGs that initially occupy various spatial regions in an 

ALE mesh (Hallqusit, 2006). In many situations, where both the ALE and Lagrangian 

elements much have overlapping meshes, the interior portions of the Lagrangian materials 

contain the material from ALE. This card works well with shell elements only. 

This can achieved by a two-step process. First step is to define all the AMMGs that needs 

to be adjusted. A background ALE multi-material group (BAMMG) is to be removed and 

a new filling ALE multi-material group (FAMMG) is added (first level of the card). The 

second step is the type of filling/evacuation of the materials. This can be done by a 

container type procedure where a “container” defines a Lagrangian surface boundary of a 

specific region, inside (or outside) of which, an AMMG would fill up (second and third 

levels of the card). 

Note that if the Lagrange element is made of shell elements, it is defined as a part or part 

set. If the Lagrange is a solid element, a segment set has to be defined. Once this is 

achieved, the FAMMG needs to be defined as the ALE material that is going to fill the 

container. A normal direction can also be specified to either fill the outside or inside to the 

container. Note that the IVFG card initializes the ALE elements before any calculation are 

performed.   

 

Modeling tips and leakage control 

The relative mesh resolution between Lagrangian to ALE meshes should be close to 1:1 as 

possible. What constitutes an appropriate degree of refinement for the ALE mesh is at least 

partially dictated by the geometric characteristics of the Lagrangian parts. A reasonable 
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goal is to have the ALE elements be nearly the same size as the Lagrangian elements where 

coupling is to take place. The meshes should be smooth and regular with good aspect ratios. 

In many occasions leakage occurs due to bad meshes. 

To use penalty coupling, there should be at least three or four element layers of ALE 

domain beyond the Lagrangian shell part/surface. For example, to model a tank sloshing, 

the ALE domain should extend outside the Lagrangian shell tank. This is to provide the 

ALE space for the AMMGs to flow into and the fluid penetration amount across the shell 

be computed. 

When coupling with a shell surface, having distinct AMMG IDs on either side is a good 

practice. This is a necessary condition when there are two physically different materials on 

either side. When coupling to a solid structure, providing an AMMG in front of the solid 

Lagrangian part is needed so that the impacting surface will be different from the one 

behind the surface. 

Leakage is an undesirable condition whereby coupling does not prevent unreasonable 

penetration of ALE material through Lagrangian surfaces. A small amount of leakage is to 

be expected and can be tolerated for penalty-based coupling, analogous to the case of small 

penetrations that are observed for penalty-based contact.  

NQUAD should be set to at least two coupling points per ALE element. As the NQUAD 

is distributed over each Lagrangian element surface, the relative Lagrangian to ALE mesh 

resolution is important. Increasing the value of NQUAD if there are too few coupling points 

on the Lagrangian segments is a good practice. Note that increasing NQUAD drives up the 

CPU time and it can provide a very stiff response and can lead to numerical instability. 
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An appropriate coupling stiffness is key to good coupling behavior with CTYPE=4. In 

most cases, the default penalty stiffness (PFAC=0.1) is sufficient and works as a good 

starting point. If the default coupling stiffness is inadequate, increasing PFAC can resolve 

the leakage problem. A more logical approach is to set PFAC to a negative integer, which 

tells the code that the coupling stiffness comes from curve |PFAC| wherein the abscissa is 

penetration distance and the ordinate is coupling pressure (see manual for details). 


