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A R T I C L E I N F O A B S T R A C T 

The h y d r o d y n a m i c p r o b l e m o f the w a t e r i m p a c t o f t h r ee -d imens iona l buoys is inves t iga ted by the 

e x p l i c i t finite e l emen t m e t h o d w i t h an A r b i t r a r y - L a g r a n g i a n Euler ian (ALE) solver. The fluid is sa lved by 

us ing an Euler ian f o r m u l a t i o n , w h i l e t he s t r u c t u r e is d iscre t ized by a Lagrangian approach , and a pena l ty 

c o u p l i n g a l g o r i t h m enables the i n t e r a c t i o n b e t w e e n the body and the fluids. The r e m a p step in the ALE 

a l g o r i t h m applies a d o n o r c e l l + H I S ( H a l f - I n d e x - S h i f t ) advec t ion a l g o r i t h m t o upda te f l u i d v e l o c i t y and 

h i s to ry variables. The in te r face b e t w e e n the s o l i d s t ruc tu re and the fluids is cap tu red b y V o l u m e o f F lu id 

m e t h o d . Convergence s tudies are ca r r ied o u t f o r th ree d i m e n s i o n a l hemisphere and cones w i t h d i f f e r e n t 

deadrise angles. I t is f o u n d t h a t the m e s h d e n s i t y o f the i m p a c t d o m a i n is ve ry i m p o r t a n t t o the q u a l i t y o f 

the s i m u l a t i o n results. The contac t s t i f fness b e t w e e n the c o u p l i n g nodes affects the loca l peak pressure 

values. The n u m e r i c a l ca lcula t ions are v a l i d a t e d by c o m p a r i n g w i t h o ther avai lable resul ts , f o r b o t h the 

d r o p cases and the ones w i t h cons tan t i m p a c t ve loc i ty . 
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1. Introduction 

Ocean waves are a s ignif icant resource o f inexhaustible, n o n -

po l lu t ing energy. Waves are caused by the w i n d b l o w i n g over the 

surface o f the ocean. In many areas o f the w o r l d , the w i n d blows 

w i t h enough consistency and force to provide continuous waves. A 

variety of technologies have been proposed to capture the energy 

f r o m waves, and they d i f fe r in the i r o r ien ta t ion t o the waves w i t h 

w h i c h they are in teract ing and i n the manner i n w h i c h they 

conver t the energy o f the waves in to o ther energy forms. Wave 

energy converters provide a means of t r ans fo rming wave energy 

in to usable electrical energy. 

Point absorbers are one type of wave energy converters that 

have small dimensions relative to the inc ident wave length. They 

can capture wave energy f r o m a wave f r o n t tha t is larger than the 

dimensions o f the absorber. Several types of wave absorbers have 

been proposed based on d i f f e ren t mechanisms of obta in ing 

relative motions between t w o bodies. Due to the i r relat ively small 

size, the amount o f energy that they can capture is relatively small 

as compared w i t h devices based on other principles in Guedes 

Soares et al. (2012) and Silva et al. (2013). To overcome this 

l i m i t a t i o n a possibil i ty is hav ing a large p l a t f o r m f ixed or floating 

around w h i c h several small floaters have heaving type of motions, 

w h i c h can then be converted i n p o w e r by the power take o f f 
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mechanism i n Vantorre et al. (2004), Lendenmann et al. (2007), 

Estefen et al. (2008) and Marquis et al. (2010). However , i n this 

process i t m a y happen that the floaters w h e n at resonance have 

too h igh verdcal displacements and w i l l move o u t o f the water, 

impacr ing i t a t the entrance. This p rob lem has been detected by 

De Backer et al . (2008), w h o gives a br ie f i n t r o d u c t i o n on h o w the 

p o w e r absorpt ion is calculated, how the s l a m m i n g res t r ic t ion is 

f o rmu la t ed and f u l f i l l e d , and they found that there is a s ignif icant 

reduct ion i n power absorption due to the s l a m m i n g rest r ic t ion. 

Since, in any case, the penalty to overcome s l a m m i n g o f the po in t 

absorbers comple te ly w i l l be too h igh and a cer ta in level o f 

s l amming w i l l usually be al lowed, i t is i m p o r t a n t to k n o w the 

magni tude o f the s l amming load on the floating objects w i t h 

d i f f e r en t shapes. 

De Backer et al. (2009), conducted an exper imenta l s tudy o f t h e 

impac t o f 3D bodies du r ing water entry, i n order to assess the 

s l amming loads in these buoys appropriate to the wave energy 

devices under consideration. This paper uses these exper imenta l 

results as references to validate 3D numer ica l studies, w h i c h 

f o l l o w eariier w o r k i n 2D. 

Early studies on the local s l amming p r o b l e m focused on the 

analysis o f two-d imens iona l structures, since s l a m m i n g on ships 

has been a m a j o r concern and the 2D str ip theory has been w i d e l y 

used i n ship mot ions research. The i m p o r t a n t p ioneer ing study on 

this subject can be a t t r ibuted to von Karman (1929) w h o proposed 

the f i r s t theoret ical me thod on the analysis of seaplane landing. 

Then, Wagner (1932) developed an asymptot ic so lu t ion fo r water 

en t ry o f two-d imens iona l bodies w i t h smal l local deadrise angles 
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by approx imat ing t h e m w i t h a flat plate, w h i c h considered the 

local water surface elevation. For the idealized case o f a wedge 

enter ing the ca lm water, Dobrovol'skaya, 1969 derived an analy­

t ical solut ion by t ransfer r ing the potential flow p rob lem fo r the 

constant wa te r en t ry in to a self s imilar flow p rob lem in complex 

plane, w h i c h took advantage of the s impl ic i ty o f the body 

geometry and is val id f o r any deadrise angle. 

Zhao and Faltinsen (1993,1996) proposed a nonlinear boundary 

element me thod to s tudy the water ent ry of a two-dimens iona l 

body o f arbitrary cross-section and generalized the Wagner (1932)'s 

theory to presented a simple asymptotic solution for small deadrise 

angles. As a fu r the r development work , a f u l l y nonlinear numerical 

s imulat ion me thod w h i c h includes flow separation f r o m knuckles 

of a body was presented by Zhao et al., 1996. Sun and Faltinsen 

(2006) developed a two-dimens iona l boundary element me thod to 

simulate the water flow dur ing the water impact of a r ig id 

horizontal circular and an elastic cylindrical shell. Exact free surface 

condit ions were satisfactory. 

Ramos et al. (2000) conducted an experimental p rog ram 

assessing the slam induced loads on a segmented ship mode l tha t 

w i t h several interconnected long wedges w h i l e the previous 

studies dealt w i t h ind iv idua l 2D wedges, w h i c h was analyzed 

w i t h the me thod used by Ramos and Guedes Soares (1998). 

Most investigations of water entry problems, including the 

researches ment ioned above have been focused on the t w o -

dimensional impact, w h i l e fewer study have been conducted on 

the three dimensional cases w h i c h is more consistent w i t h the real 

impact in engineering. In this field, early studies have been published 

by some researchers. Shif tman and Spencer (1951) investigated the 

vertical s lamming on spheres and cones based on the analytical 

solution. They are among the first to notice that the l iquid may 

separate f r o m the sphere, leading to cavity formation, however, the 

stage of the impact under consideration in this study is before 

separation w h i c h means the penetration depth is less than half of 

radius. Shif tman and Spencer (1951) also give an explicit relationship 

of impact coefficient w i t h j{p)=\.6 for a cone w i t h deadrise angle 

30". E l M a l k i Alaoui et al. (2012) recently found the experimentally 

determined equivalent as j(/3)=1.58 and the non-dimensional slam­

ming coefficient ]{/}) depends only on the deadrise angle p. By means 

of high-speed shock machine, they studied the s lamming coefficient 

on axisymmetric bodies, and found that Cs for hemisphere, unl ike 

the cones, depends on the depth of immersions. 

Based o n the Wagner 's theory, Chuang (1967) developed an 

analytical f o r m u l a t i o n for the pressure d i s t r ibu t ion on a cone w i t h 

small deadrise angle, and Faltinsen and Zhao (1997) proposed a 

theoretical m e t h o d fo r wate r en t ry of hemispheres and cones w i t h 

small deadrise angles. Bat t is t in and la f ra t i (2003) studied the 

impact loads and pressure d i s t r ibu t ion on ax isymmetr ic bodies 

by numer ica l so lut ion. In the field of exper imenta l invest igat ion, 

Chuang and M i l n e (1971) pe r fo rmed drop tests on the conical 

bodies, and recently Peseux et al. (2005) carried ou t the d rop tests 

fo r cones w i t h small deadrise angles w h i c h include 6", 10" and 14". 

Motivated by the w o r k of Stenius et al. (2006), w h o conducted the 

modeling of hydro elasticity in water impacts of ship bott:om-panels 

by using LS-DYNA, Luo et al. (2011) and Wang et al. (2012) 

investigated the symmetr ic water impact of two-dimensional r igid 

wedge sections and ship sections, the predictions f r o m w h i c h had 

very good agreement w i t h comparable measured values and other 

numerical results by applying the explicit finite element method, and 

then the effects of the deadrise angle on the s lamming load were 

presented i n Wang and Guedes Soares (2012) and Wang et al. 

(Submitted for publication). They extended the research to the 

asymmetric water impact of a bow-flared section w i t h various rol l 

angles in Wang and Guedes Soares (2013). In the present work , the 

explicit finite element method is extended to study the hydrody­

namic problem o f three-dimensional bodies, including hemisphere 

and cones w i t h different deadrise angles. The predictions are 

compared w i t h the experimental results f r o m the drop tests of De 

Backer et al. (2009) and theoretical calculations based on Wagner 

(1932)'s method, in terms of impact velocity, acceleration, penetra­

t ion depth in the water and the pressure histories on the pressure 

sensors. The comparisons between them are satisfactory in the init ial 

stage of the water entry. Then, the ver i f ied method is applied to 

estimate the impact coefficients on a fa l l ing hemisphere and a cone 

w i t h a deadrise angle 30", w h i c h show good consistency w i t h some 

analytical and theoretical predictions. 

2 . Mathematical formulat ions 

In this section, the equations tha t govern the fluid m o t i o n and 

the interact ion between the fluid and structures in this expl ic i t 

finite e lement method are recalled. 

2.1. ALE description of Navier-Stokes equations 

The governing equation for incompressible and unsteady Navier-

Stokes fluid is described as: 

— + u V u - 2 u ' ' V t ( u ) + Vp = b (2-1) 
dt 

VU = 0 (2.2) 

where u is the flow velocity, p is the pressure of fluid, b means body 

force acting on the fluid and e{u) represents the deviatoric stress 

tensor. 

The boundary condi t ion and i n i t i a l cond i t i on are 

ff=-pl + 2v''e{u) (2.3) 

e(u) = ^ ( V u + (Vu)^) (2.4) 

In ALE fo rmula t ion , a reference coordinate w h i c h is not the 

Lagrangian coordinate and Eulerian coordinate is induced. The 

d i f fe ren t ia l quot ient for mate r ia l w i t h respect to the reference 

coordinate is described as f o l l o w i n g equat ion. 

dt dt 
(2.5) 

where , X,- is the Lagrangian coordinate, x,- is the Eulerian coordi ­

nate, and W; is the relative veloci ty. 

Therefore, the ALE f o r m u l a t i o n can be derived f r o m the relat ion 

be tween the time derivative of mater ia l and that of reference 

geometry conf igurat ion. 

Assume that v represents the veloci ty of the material , and u 

means the velocity of the mesh. In order to s impl i fy the above 

equation, relative velocity w is induced, w h i c h is given by w = v - u. 

Therefore, ALE formula t ion can be obtained f r o m fo l l owing con­

servation equations: 

(1) The mass conservation equat ion: 

a t dXi dXi 
(2.6) 

(2) The m o m e n t u m conservation equat ion 

The governing equation of fluid is Navier-Stokes equat ion 

w h i c h is described by the ALE m e t h o d : 

P dt 

d_Vi 

dX; 

The stress tensor is expressed by: 

ö-,j = -p<5,j+/((Vij + Vj,,) 

(2.7) 

(2.8) 
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The in i t i a l and boundary condit ions are: 

Vj = U° on r , domain (2.9) 

(Tjjnj = 0 on r2 domain (2.10) 

w h i l e 

r, u r2 = r r , n r2 = o (2.11) 

where , r represents the w h o l e boundary of computed f i e ld , 

w h i l e Tl and r2 means the parts of r. n,- represents the un i t 

vector o f boundary i n o u t w a r d n o r m a l direct ion, is K r o -

necker ö func t ion . Assume that the veloci ty f ie ld at t ime t = 0 

i n the who le computed doma in is k n o w n as: 

v,(Xi,0) = 0 

(3) The energy conservation equat ion 

dE , dE 

(2.12) 

(2.13) 

The Euler equation is derived based on the assumptions tha t 

the veloci ty o f reference conf igura t ion is zero, and the relat ive 

veloci ty between the mater ia l and the reference conf igura t ion is 

the veloci ty o f the mater ia l . The terms of veloci ty i n the Equation 

(2.7) and the equation (2.9) are k n o w n as convective terms w h i c h 

are used to calculate the t ranspor ta t ion vo lume that the mater ia l 

f lows t h rough the mesh. The addi t ional i tems are the reason tha t 

the numer ica l solut ion o f the ALE equat ion is much more d i f f i c u l t 

t han that o f a Lagrange equat ion i n w h i c h the relative ve loc i ty 

is zero. 

There are t w o approaches to solve the ALE equation, w h i c h are 

s imi lar to the methods applied to Euler's v i e w p o i n t i n hydrody­

namics. The f i r s t me thod is solving f u l l y coupled equations us ing 

computa t iona l f l u i d mechanics, w h i c h can only govern singular 

mater ia l i n singular element. The second one was called detached 

operator method, o f w h i c h the calculation in each time step is 

separated in to t w o parts. First, the Lagrange approach is executed, 

w h e n the mesh moves w i t h mater ia l . Dur ing this process, the 

e q u i l i b r i u m equations are: 

p'^=ffijj+pbi (2.14) 

P^ = OijVij+pbiVi (2.15) 

In the Lagrange process, there is no mater ia l f l o w i n g t h r o u g h 

e lement boundary, so the calculation satisfies the mass conserva­

tion. Then the t ransportat ion vo lume, in ternal energy and kinet ic 

energy of materials tha t f l o w th rough the boundaries o f e lement 

are calculated i n the second stage. I t can be considered as 

remapping the meshes back to the i r in i t i a l or arbi t rary posit ions. 

As to each node, the veloci ty and displacement are updated 

according to f o l l o w i n g equation: 

(2.16) 

l+Atu"+l /2 (2.17) 

where , F^, is vector of in ternal force, and F"^^, is vector o f external 

force. They are i n re la t ion w i t h body force and boundary cond i ­

tions. M is diagonal m a t r i x o f mass. 

2.2. Fluid-structure coupling algoritlim 

In an expl ic i t time in tegra t ion p rob lem, af ter compu ta t i on o f 

f l u i d and structure nodal forces, the coupl ing forces of the nodes 

on the f l u i d structure interface are computed i n the time step. For 

each structure node, a dep th penetra t ion d is incrementa l ly 

updated at each time step, using the relative ve loc i ty ( v T - v ^ ) at 

the structure node, w h i c h is considered as a slave node, and the 

master node w i t h i n the Eulerian element. The locat ion o f the 

master node is computed using the isoparametric coordinates o f 
^11 

the f l u i d element. A t time t = f", the depth penet ra t ion d is 

updated by: 

-(v.. n + 1/2 Vf )Af (2.18) 

where A t is the increment o f time, is the veloci ty of the slave 

node, v} is the f l u i d veloci ty at the master node location, inter­

polated f r o m the nodes of the f l u i d e lement at the cur ren t time, 

and the vector ~d means the penet ra t ion dep th o f the structure 

inside the f l u i d d u r i n g the time step. The coupl ing force acts only i f 

penetra t ion occurs. 

Penalty coupl ing behaves like a spr ing system and penalty 

forces are calculated propor t iona l ly to the penet ra t ion dep th and 

spr ing stiffness. The head o f the spr ing is attached to the structure 

or slave node and the tai l o f the spr ing is attached to the master 

node w i t h i n a f l u i d e lement tha t is intercepted by the structure. 

Similar ly to penal ty contact a lgor i thm, the coup l ing force is 

described by: 

F = kd (2.19) 

where k represents the spring stiffness, and d means the penetra­

tion. The coupl ing force F is applied to bo th master node and 

slave node in opposite d i rec t ion at the coupl ing interface. The 

m a i n d i f f i c u l t y in the coupl ing p r o b l e m is the evaluat ion o f the 

stiffness k. 

In this paper, the stiffness o f the spr ing is based on the explici t 

penalty contact a l go r i t hm i n LS-DYNA, and the numer ica l stiffness 

by un i t area is given in t e r m of the bu lk modulus K o f the f l u i d 

e lement in the coupl ing conta in ing the slave s t ructure node, the 

vo lume V of the f l u i d e lement that contains the master f l u i d node, 

and the average area A o f the structure elements connected to the 

structure node. 

k=pf 
I(A 

V 
(2.20) 

However, to avoid numer ica l instabili t ies, a penal ty factor pj- is 

in t roduced fo r scaling the est imated stiffness o f the interact ing 

(coupl ing) system. For impac t problems, i t is always necessary to 

examine the inf luence o f this parameter on the so lu t ion (Aqtielet 

et al. (2006)) . For the p r o b l e m o f two-d imens iona l wedge, Luo 

et al. (2011) conducted a parametr ic study, i nc lud ing the penalty 

factor, t ime step factor, mesh size and the number o f the contact 

points, and val idated this m e t h o d by compar ing the predict ions 

w i t h the exper imenta l results f r o m Zhao et al., 1996. The results 

show that mesh size is of great impor tance fo r the s imulat ions, 

w h i l e other aspects affect l i t t l e . 

3. Numerical model ing 

3.1. Description of the 3D structures 

In this work , d i f f e ren t k inds o f three-dimensional structures, 

inc lud ing a hemisphere and cones w i t h d i f f e r en t deadrise angles 

are studied. To validate the m e thod used i n present w o r k , the 

predict ions f r o m a hemisphere, a cone20 ' and a cone45" enter ing 

ca lm wate r w i t h drop velocity, are compared w i t h the measured 

values f r o m De Backer et al. (2009) . The m a i n parameters o f the 

tested bodies w h i c h are appl ied i n the numer ica l ly mode l ing , are 

l isted i n Table 1. As seen, the diameters o f the bodies are 30 c m 

w h i c h is considered suf f ic ien t to reduce surface tension effects. 
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Since t l ie structures are made f r o m polyurethane and ttie mater ia l 

thiclmesses are large, the deformat ions of t h e m dur ing the wate r 

impac t are considered l i m i t . I t mus t be noted that the measured 

in i t i a l velocities l is ted i n Table 1 are lower than the theoret ical 

calculations based on the d rop heights due to the f r i c t i o n in the 

gu id ing system o f the test. 

The pressure t ime history, the posi t ion and deceleration o f the 

body were recorded i n this test w o r k . Pressure sensors were used 

to obtain the pressure t ime his tory on the body. The sensors were 

located at a hor izonta l distance o f 0.04-0.09 m on the bodies f r o m 

the symmet r ic axis respectively, as p lot ted i n Fig. 1, in w h i c h P l 

and P2 represent the pressure sensors and is the deadrise angle 

o f the cones. 

Besides, non-dimensional impact coefficients on hemisphere 

and cones w i t h d i f f e r en t deadrise angles are computed based on 

the assumption o f constant impact velocity. They are compared 

w i t h available measured and numerica l values as w e l l . 

3.2. Description of tlie modeling 

The expl ic i t f in i t e e lement analysis is based on a mu l t i -ma te r i a l 

Eulerian f o r m u l a t i o n and a penal ty coupl ing method . The f l u i d is 

solved by using a Eulerian fo rmula t ion , w h i l e the wedge is 

discredited by a Lagrangian approach. The f lu ids (water and air) 

are def ined as the mu l t i -ma te r i a l group, w h i c h means that the 

effects of the wa te r and the air are al l considered. The penal ty 

coupl ing a lgo r i t hm is appl ied to activate the in terac t ion be tween 

the f luids and the structure. I t behaves like a spr ing system, thus 

generating high oscillations to the coupl ing force. The penalty 

forces are calculated propor t iona l ly to the penetra t ion dep th and 

spr ing stiffness. Though some noise w i l l be generated to the 

pressure values on the Lagrangean elements, the total force on 

the structure w i l l no t be sensitive to the coupl ing factor, since i t is 

an average value. The commercia l code LS-DYNA is used as a too l 

to solve the d i f fe rent ia l equations tha t govern the phenomenon 

w i t h f o l l o w i n g hypotheses: 

o The gravi ty effects are neglected. 

o The surface tension effects w i l l no t be modeled. 

o The structures have no de fo rma t ion and rotate mo t ion . 

Table 1 

Characteristics for the measured bodies. 

Item Radius 

(m) 

Total mass 

(kg) 

Material thickness 

(m) 

Initial Velocity 

(m/s) 

Hemisphere 0.15 11.5 0.05 4.0 

Cone 20' 0.15 9.8 0.03 3.85 

Cone 45' 0.15 10.2 0.03 4.05 

Based on these assumptions, the numer ica l ly mode l ing is as 

fo l lows : 

• The coordinate system o f the p rob lem 

As illustrated in Fig. 2, a Caitesian coordinate system (x, y, z) is 

introduced, and the (x, y)-plane is placed in the undisturbed water 

surface, whi le the z-axis is located in the axis of the body. The body 

enters the calm water w i t h a vertical velocity w h i c h is denoted as 

dz/dt, and t = 0 means the t ime instance w h e n the body 

touches the water. The boundaries of the water are denoted as 

S| , ,Sr and SB . 

Fig. 2. Coordinate system of the problem. 

Fig. 3. Mesh style of the fluids in the x-y plane. 

150mm 

[ 

Fig. 1. Locations of the pressure sensors (mm) . 
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• The mater ia l and element types 

The f l u i d , wa te r and air, are modeled w i t h Solid164 e lement 

w h i c h is an 8-nodes brick element, and they are def ined as v o i d 

materials w h i c h al lows equations o f state to be considered 

w i t h o u t compu t ing deviatoric stresses. The Gruneisen equat ion 

of state is used to the water domain and the linear po lynomia l 

equat ion o f state is appl ied for the air domain . The wedge is 

modeled w i t h Shel l l63 e lement w h i c h is a 4-nodes e lement 

and can on ly be used in expl ic i t dynamic analysis, and r ig id 

body mater ial . 

• Boundary condit ions 

Only a quarter o f the mode l is established w i t h symmet r ic 

boundaries on (y -z ) and ( x - z ) planes. The boundaries o f the 

f lu ids are def ined as non-ref lect ing, except that, other f lu ids 

nodes are free. For the body, only ver t ical movemen t d o w n ­

wards is released. 

• Numerical mode l 

As k n o w n , the ALE calculation is time-consuming, so d i f f e r en t 

mesh types are applied on d i f fe ren t regions to reduce m e m o r y 

and CPU requirement . Luo et al. (2011) f o u n d that the mesh size 

in the region near the contact area be tween the structure and 

the f luids are o f great impor tance to the s imula t ion . As to the 

region tha t is far f r o m the impact, the mapped area mesh 

w h i c h contains only quadri lateral elements is employed, and 

the mesh size i n this domain is moderately expanding towards 

the boundaries. Fig. 3 and Fig. 4 show the mesh style o f the 

Fig. 4. Mesh style of the fluids in the y-z plane. 

a 

f lu ids in x-y and y-z planes. Furthermore, the structure is 

meshed w i t h quadri lateral elements as p lot ted i n Fig. 5. Con­

sidering the computa t ional efforts , the f lu ids doma in is l i m i t e d 

to 0.5 m X 0.5 m X 0.6 m , w h i c h means the d imens ion in x-y 

plane is L4 x L3 (0.5 m x 0.5 m) , and the dimensions o f air 

doma in and water domain in z-di rect ion are L7-I-L8 

(0.2 m + 0 . 4 m) . The d imens ion o f impac t d o m a i n is denoted 

as L l X L2 X ( L 5 + L 6 ) w h i c h is 0.18 m x 0.18 m x (0.05 m x 

0.08 m) . I t is f o u n d that the size o f the impac t d o m a i n ' is o f 

great importance to the numer ica l results. The selection o f the 

size o f the model i n present w o r k is based on lots o f calcula­

tions and the experience using the code. The discussion on the 

models w i t h d i f f e ren t size is no t presented here, because the 

convergence study focuses o n the mesh density and the contact 

stiffness. 

For model ing accurately of the wate r impac t p rob lem, a careful 

selection o f mesh density and contact stiffness is required. As 

men t ioned in Section 2.2, the contact stiffness is related to the 

penal ty factor and the vo lume V o f the f l u i d e lement tha t contains 

the master f l u id node, so i t is affected by the mesh density of the 

f luids . In the f o l l o w i n g section, a convergence study is conducted 

to ob ta in a proper numerical model . 

4. Convergence study 

4.7. Mesh density 

Three mesh sizes,10 m m , 5 m m and 2.5 m m are selected fo r the 

f luids o f the impact domain (L3 x L4 x {L5+L6)). The mesh sizes 

are denoted by 0.067R, 0.033R and 0.0167R, where R means the 

radius o f the hemisphere or the cones. Unless o therwise specified, 

the mesh size of the structure is as same as that o f the f luids, and 

the value o f Pf is set as 0.1. In present w o r k , the numer ica l contact 

stiffness l< is computed by equat ion (2.20). For the three models, 

the value is 22.5 Gpa/m, 45 Gpa/m and 90 Gpa/m, respectively. 

Fig. 6 presents the predicted non-d imens iona l impac t coef f i ­

cients o f a r ig id hemisphere o f radius R enter ing vert ical ly in to 

i n i t i a l l y calm water w i t h a constant ve loc i ty V, together w i t h 

the available exper imental and numer ica l results. The non-

dimensional impact coeff ic ient is de f ined as CS = 2F/PMR^V^, 

where F i s the total impact force and ^ = 1 0 0 kg /m^ is the density 

o f the f l u i d , and the non-dimens ional time is denoted as c/(f)/R, 

whe re d(t) is the instantaneous penet ra t ion o f the sphere be low 

the ca lm water. Here, the impact ve loc i ty is 4 m/s, and the radius 

b 

Fig. 5. Mesh style of the structure. 
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Fig. 7. Tlie impact coefficient for rigid liemisptiere entering' calm water w i t h 

Fig. 6. The impact coefficient for a rigid hemisphere impacting w i t h calm water. different velocities. 

Table 2 
Three models w i t h different mesh densities. 

Parameters Model 1 Model 2 Model 3 4 

Mesh size 0.067R 0.033R 0.0167R 

Number of elements(Fluids) 43200 134400 510300 3 
Number of elements (Structures) 175 500 1600 

CPU time^ 1 h 22 min 9 h 49 min 45 h 53 min Q. 
O 

Note: It was run on one PC w i t h 2.50 GHz processor and 3 Gigabytes of 

memory. 

of the sphere is 0.15 m . Table 2 lists the m a i n parameters for the 

three models w i t h 0.015 s' so lu t ion t ime. 

As seen i n Fig. 6, w h e n the mesh size is 0.0167R, the predicted 

impact coeff ic ient is in good agreement w i t h the exper imenta l 

measurements f r o m Nisewanger (1996) and the numerica l calcu­

lations f r o m Batt is t in and la f ra t i (2003), a f te r the in i t i a l stage o f 

the impact . A t the in i t i a l stage, the impact coeff icient is higher 

than the exper imenta l and numerica l results. This is because, at 

this stage, the interact ion be tween the fluid and the structure on ly 

involves f e w elements, f r o m the b o t t o m of the hemisphere and the 

surface o f the water. The numer ica l impulses o f pressure on the 

elements are inevitable at the in i t i a l impact, and the impact force 

is obtained f r o m the integrat ion o f the pressures along the we t t ed 

surface o f the structure. For the analytical calculations f r o m M i l o h 

(1991), the s imp l i f i ed method gives lower predictions at the in i t ia l 

stage and higher ones at the late stage. 

W h e n the mesh size is 0.033K and 0.067R, the predictions are 

not consistent w i t h the exper imenta l measurements. A t the 

midd le and late stage of the impact , as the mesh size becomes 

large, the impact coeff ic ient is higher. I t also shows tha t the 

numer ica l noises are apparent for a larger mesh size. 

I t is obvious tha t the mode l w i t h 0.0167R mesh size is more 

appropriate to capture the t ime his tory of impact force on the 

hemisphere enter ing calm water, and the computa t iona l t ime is 

acceptable. To v e r i f y the stabi l i ty o f the numer ica l results, d i f f e ren t 

impact velocities are applied to the hemisphere. The impact 

coefficients on the hemisphere w i t h l / = 4 m/s and V = 1 8 m/s are 

p lo t ted i n Fig. 7, w h i c h shows very good consistency. The dis­

crepancy at the in i t i a l stage is s t i l l due to the mesh size. 

To capture the pressure d i s t r ibu t ion on the hemisphere surface, 

v i r tua l pressure sensors are located at the center of the shell 

elements on locat ion y = 0 . The hemisphere is meshed w i t h 4799 

shell elements, f r o m w h i c h 80 elements on x - z plane are selected. 

Fig. 8 shows the pressure dis t r ibut ions on the we t t ed hemisphere 

Fig. 8. The impact coefficient for a rigid hemisphere impacdng w i t h calm water at 

d(t)/R=0.134. 

surface on x - z plane at d{t)IR=0A34. The non-dimensional pres­

sure Cp is def ined as 2plpV^, w h e r e p is the pressure value 

obtained f r o m the pressure sensor. x/R denotes the posi t ion o n 

the hemisphere surface, w h e r e x is the coordinate of the e lement 

and R is the radius. x / R = 0 means the lowest point , and x / R = l is 

the highest po in t on the hemisphere. For d i f f e r en t impact ve lo ­

cities, the pressure dis t r ibut ions have very good agreement. Some 

numer ica l noise is observed at the posi t ion near the intersection 

be tween the water surface and the structure fo r b o t h cases. A t this 

moment , the pressure is almost u n i f o r m l y d is t r ibu ted along the 

surface. 

The predictions o f impact coeff ic ient and pressure d i s t r i bu t ion 

f r o m the model 0.0167R w i t h d i f f e ren t impact velocities show very 

good consistency. I t is believed that this model is appropriate f o r 

the hemisphere. 

Fig. 9 plots the predicted non-dimensional impac t coefficients 

o f a c o n e 2 0 ° o f radius R enter ing ver t ical ly in to i n i t i a l l y ca lm wa te r 

w i t h a constant veloci ty V. Here, the mesh size o f the structure is 

0.0167R for the three models, so the numerica l contact stiffness is 

respectively, 1.406 Gpa/m, 11.25 Gpa/m and 90 Gpa/m. Similar to 

the predict ions of the hemisphere, the impact coeff ic ient is h igher 

f o r a model w i t h larger mesh size. W h e n the mesh size is 0.0167R 

and 0.033R, the numerica l calculations are close, especially for the 

values at the midd le stage. A t the late stage, a h igh impulse is 

observed in the cui-ve o f the model w i t h 0.067R mesh size. This is 
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Fig. 9. Tlie impact coefficient for a cone20 impacting w i t h calm water. 
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Fig. 11. The impact coefficient for a cone20 impacting w i t h calm water at different 
velocity. 
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Fig. 10. Pressure distribution along the surface of cone20 at f„, 
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Fig. 12. The impact coefficient for a hemisphere impacting w i t h calm water w i t h 
different value of pfac. 

because the mesh size o f wa te r surface nearby the structure 

surface becomes larger as the wate r surface evolves d u r i n g 

the impact . For a cone20" w i t h R = 0 . 1 5 m , and v = 6 . 1 5 m / s , the 

total immers ion occurs at t = 0 . 0 0 8 9 s w h i l e f = O s means 

the cone touches the calm water. As seen fo r the three models, 

the m a x i m u m impact force occurs at about d ( f ) /R=0.29 , and the 

corresponding t ime instant t = 0.00707 s w h i c h is i n good agree­

men t w i t h Wagner's theory pred ic t ing f ,„o,^=;rRtan^/4l/= 0.007 s. 

Fig. 10 shows the pressure d i s t r i bu t ion on the we t t ed surface o f 

cone20-' on x - z plane at t^ax ( the t i m e instant w h e n the peak value 

happens). The pressure value is obta ined even at the highest point . 

This means the wate r j e t is produced under the structure's surface 

and reaches the highest posi t ion. The present method's predic­

t ions show that the m a x i m u m impac t force on a cone 20" occurs at 

the total immers ion o f the model . 

As seen f r o m the three curves, the m a x i m u m pressures are 

located near the root o f the wa te r je t . This is consistent w i t h the 

result obtained f r o m the 2D wedge 20" before f l o w separation. 

W h e n the mesh size is 0.067R, the pressure d i s t r ibu t ion obtained 

f r o m the sensors has m u c h noise and the pressure values are much 

lower than the ones f r o m the models w i t h 0.033R and 0.0167R 

mesh size. W h e n the mesh size is 0.033R or 0.0167R, the pressure 

dis t r ibut ions are i n good agreement, however, the one f r o m the 

model w i t h 0.0167R mesh size is smoother. 

The impact coefficients on the cone20" w i t h d i f fe ren t impac t 

velocities are plot ted i n Fig. 11. The predict ions have good agree­

ment , w h i l e the curve f r o m the m o d e l vvith V = 1 8 m/s is smoother. 

4.2. Contact stiffness 

As men t ioned before, a penalty factor p / (p fac ) is in t roduced fo r 

scaling the est imated stiffness of the coupl ing system. To obta in a 

proper value o f i t , the inf luence o f this parameter on the so lu t ion is 

examined. Through the sensi t ivi ty s tudy of mesh size, the mode l 

w i t h 0.0167R mesh size is selected f o r water impacts o f the 

hemisphere and cones, and for the model , the de fau l t value o f 

pfac is 0.1. Here, t w o d i f fe ren t values, 0.01 and 0.5 are appl ied in 

the s imulat ions. 

Fig. 12 plots the impact coefficients on the hemisphere w i t h 

d i f f e r e n t pfac values. Here, the mesh size is 0.0167R, and the 

constant impac t veloci ty is 18 m/s. Generally speaking, the three 

curves agree w e l l , though some oscillations exist. Obvious d is t inc­

t ions are observed at the in i t i a l m o m e n t o f the i m p a c t and at the 

m o m e n t that the peak value occurs. As seen in Fig. 6, the impac t 

coeff ic ient f r o m the mode l w i t h 0.0167R mesh size, the contact 

stiffness of w h i c h is 90 Gpa/m, agrees w e l l w i t h the exper imenta l 

measurements, compared to the models w i t h l o w e r contact 

st iffness. I t seems that higher contact stiffness is bet ter f o r the 

impac t mode l o f the hemisphere. However, fo r the m o d e l w i t h 

0.5 pfac, the curve o f impact coeff ic ient does no t become better, 

and even appears more numerical noises. 

The 80 pressure sensors, w h i c h are located at the center o f the 

shell elements on x - z plane, are numbered f r o m 1 t o 80, in w h i c h 

sensor 1 means the lowest one and sensor 80 denotes the highest 

one. The pressure values captured by three sensors are s h o w n i n 

Fig. 13. The results show that the m a x i m u m local pressure value is 
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Fig. 13. Pressure histories on the bottom surface of the hemisphere. 
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Fig. 14. The impact coefficient for a cone20 impacting w i t h calm water w i t h 

different contact stiffness. 

located at the lowes t po in t o f the hemisphere. As the distance 

f r o m the po in t to the axis o f the hemisphere becomes far, the local 

peak pressure decreases greatly. 

I t is f o u n d tha t the local peak pressure on the hemisphere is 

sensitive to the value o f pfac. The higher the contact stiffness is, 

the smaller the peak value is. These differences become smal l 

w h e n the pos i t ion o f the sensor is higher. FroiTi the pressure 

histories, i t is also possible to f ind that the m a x i m u m pressure 

value occurs at the m o m e n t w h e n the hemisphere touches the 

ca lm water, d u r i n g the water impact. 

The peak values are sensitive to the scale factor. This is 

consistent w i t h the fact tha t the coupl ing force o n the master 

and slave node is computed by m u l t i p l y i n g contact st iffness and 

penetrat ion, w h i l e the contact stiffness is scaled by the value o f 

pfac. The total impact forces on the structure are no t sensitive to 

the var ia t ion of the scale factor, since they are average values on 

the s tructure. 

For the models o f the cone20", the one w i t h 0.0167R mesh size 

is s tudied here, f i r s t l y by a l ter ing the mesh size o f the Lagrangian 

elements, and secondly by applying d i f fe ren t values o f pfac, to 

investigate the influences o f the contact stiffness. Based on 
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Fig. 15. Pressure distribution along the surface of cone20' at two time instants. 

Eq. (2.20), the numerica l contact stiffness is 22.5 Gpa/m, w h e n 

the mesh size o f the cone is 0.00835R. The predicted impac t 

coeff icient and pressure d is t r ibu t ions o n the w e t t e d surface o f 

cone 20" are compared w i t h the calculations f r o m the model w i t h 

/<:=90 Gpa/m, as shown in Figs. 14 and 15. 

The impact coefficients have very l i m i t e d differences, w h i l e 

some noise is observed in bo th curves. In Fig. 15, the pressure 

dis t r ibut ions at t w o t ime instants d ( f ) /R=0 .164 and d ( f ) /R=0 .303 

are presented. A t the f o r m e r t i m e instant, the on ly hal f o f the 

structure immerses into the wa te r surface, w h i l e at the later t ime 

instant, the structure immerse in to the water completely, con­

sidering the water surface elevation. I t can be f o u n d that, before 

f l o w separation, the m a x i m u m pressure is located at the lowest 

po in t of the cone. W i t h d i f f e r en t contact stiffness, the general 

trends of the pressure d i s t r i bu t i on do no t change too much. Only 

some differences are observed near the spray root o f the wate r 

surface or at the lowest lower par t on the cone surface. Unl ike the 

simulations o f the hemisphere, the pressure values are larger 

w h e n the contact stiffness is h igher for the cone20". 

Figs. 16 and 17 show the impact coefficients and pressure 

dis tr ibut ions on the cone20" w i t h d i f f e r en t value o f pfac. The 

influences of the scale factor o n the results are small , t h o u g h s l ight 
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differences are found around the midd le stage o f t h e impact i n the 
curves. 

4.3. Time step 

A n ALE fo rmula t ion consists o f a Lagrangian t ime step fo l l owed 

by an advection step, w h i c h updates the veloci ty and displacement 

on each node at one t ime step. A stable t i m e step is o f great 

s ignif icant to the numer ica l results. The t i m e step should no t be 

larger than the cri t ical one, o therwise negative vo lume errors w i l l 

appear But i f the t ime step is set to one value that is too small , 

o 

0.15 0.3 0.35 0.2 0.25 
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Fig. 16. Tlie impact coefficient for a cone20 impacting w i t h calm water w i t h p f 

10 

O 

pfac 0.5 

pfac 0.1 

• pfac 0.01 

d(t)/R=0.164 

0 I 0.1 0.2 0.3 0.4 0.5 

X/R 

0.6 

Fig. 17. Pressure distributions on the surface of cone20 at d(t)//?=0.164 for 
different 

then the computa t ional t ime w i l l increase correspondently. The 

cr i t ical t ime step size is the m i n i m u m t ime value tha t the sound 

travels th rough any elements in the model . The cr i t ica l t i m e step 

size can be approximated f i rs t ly before the s imula t ion , in order 

to set one scale factor to obtain one appropr ia te t ime step. In 

LS-DYNA Theory manual , t ime step calculations f o r d i f f e ren t types 

o f elements are explained th rough mathemat ical fo rmula t ions . 

Obviously, the cri t ical t ime step is related to the m i n i m u m size 

of the element, and the scale factor is be tween 0 and 1. For one 

numer ica l model , a proper t ime step value can be achieved by 

ad jus t i ng the scale factor. In present w o r k , the t i m e step fo r the 

models w i t h 0.067R mesh size is 4.69E-07s, and the value is 2.28E-

07s fo r the models w i t h 0.033R mesh size, 1.14E-07s f o r the models 

w i t h 0.0167R mesh size. I t is found that the value is p ropor t iona l to 

the mesh size. W h e n the impact veloci ty is 18 m/s, the numerica l 

so lu t ion t ime is decreased greatly, so a very small scale factor 0.05 

is appl ied to make the solut ion stable, w h i c h fo l lows a very small 

t i m e step 5.71E-08s. 

5. Validation and results 

According to the drop tests o f the three d imens iona l bodies 

De Backer et al. (2009), the acceleration, impac t velocity, penetra­

t i o n dep th and pressure dis t r ibut ions d u r i n g the wa te r impac t are 

predic ted and compared w i t h the measured values, as w e l l as the 

calculations f r o m asymptotic theory. In order t o reduce the 

in f luence o f the assumptions ment ioned above, o n l y the in i t ia l 

stage o f the impac t is investigated. Fur thermore , the impac t 

coeff ic ients on the hemisphere and cones are compu ted and 

compared to some published results, w i t h the assumpt ion o f 

constant impact velocity. To examine the inf luences o f this 

assumption, the predict ions f r o m the mode l w i t h drop veloci ty 

and constant veloci ty are compared f i rs t ly . 

5 . 3 . Influence of impact velocity 

Fig. 18 compares the impact coefficients on the hemisphere 

w i t h d i f f e r e n t types of impact velocity. T w o velocit ies v = 4 m / s 

and v = 18 m/s are selected. As seen, at the i n i t i a l stage, the impact 

coeff icients f r o m t w o models agree w e l l , w h i l e the differences 

be tween t h e m become larger as the penet ra t ion dep th raises. 

For a higher impac t velocity, the influences are m o r e apparent. 

Obviously, the impac t force on a hemisphere en te r ing w i t h a 

constant veloci ty is higher, since tha t the impact ve loc i ty o f the 

d rop case decays due to the resultant force on the s t ructure . 

Fig. 19 compares the impact coefficients on the cone20- w i t h 

d i f f e r e n t types of impact velocity. As seen, at the i n i t i a l stage, the 
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Fig. 18. Comparison of impact coefficients on the hemisphere entering water w i t h constant and drop velocity. 
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Fig. 19. Comparison of impact coefficients on ttie cone20 entering water w i t l i 

constant and drop velocity. V=18 m/s. 
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Fig. 20. Comparison of pressure histories on the cone20' entering water w i t h 

constant and drop velocity. V=\8 mis. 

impact coefficients f r o m t w o models agree w e l l , w h i l e the d i f f e r ­

ences be tween t h e m become larger as the penetra t ion dep th 

raises. The peak value f r o m the mode l w i t h constant veloci ty is 

much larger, a l though the non-d imens iona l penetra t ion depths o f 

the cone under wa te r are very close w h e n the peak values occur. 

The differences be tween the impac t forces are due to the pressures 

on the w e t t e d surface o f the structure. Fig. 20 shows the pressures 

o f three positions, w h i c h are denoted by x=0.25R, x = 0 . 5 R 

and x=0 .75R, on the cone i n x - z plane. For the model w i t h a 

d rop t velocity, the pressure decays more quickly af ter the peak 

value occurs. Thus, the differences become larger as the impact 

processes. 

5.2. Drop 3D structures 

5.2.1. Hemisphere 

Fig. 21 shows the predicted, measured and theoretical accel­

era t ion o f the hemisphere d u r i n g 0.012s after the b o t t o m o f the 

body touches w a t e r The theoretical calculations are based on the 

600 

400 

200 

-200 

-400 

EXP(Accelerometet) 

Theoret ical(AM) 

Theoretical(Pl) 

" — ' — L S - D Y N A 

0 0.002 0.004 0.006 0.008 0.01 0.012 

Time(s) 

Fig. 21. Predicted and measured acceleration on the hemisphere. 
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Fig. 22. Predicted and measured impact velocity on the hemisphere. 

pressure in tegra t ion method and added mass method . A l though 

the exper imenta l data has lots of h igh frequency noises, the 

pred ic t ion of LS-DYNA agree w e l l w i t h i t , w h i l e the theoretical 

calculations overestimate the acceleration o f the structure. 

As p lot ted i n Fig. 22, the impac t veloci ty obtained by LS-DYNA 

is l ower than that measured i n the test, and the difference 

be tween t h e m becomes larger as t ime goes by, ma in ly due to 

the f r i c t i o n created f r o m the freely movemen t o f the structure 

along the gu id ing system in the test. As expected, the hemisphere 

drops more quickly f r o m the p o i n t o f v i e w o f theoret ical solutions. 

Correspondingly, the penetrat ion depths be low the ca lm wate r 

d u r i n g this t ime span of the hemisphere are compared i n Fig. 23, 

w h i c h also shows that the devia t ion be tween the measured value 

and the predicted ones f r o m present w o r k and theoretical solu­

tions are observed more obviously as t i m e progresses. 

Fig. 24 plots the pressure histories o f the t w o poin ts at r = 4 c m 

and r = 9 c m on the hemisphere as i l lus t ra ted i n Fig. 1. As 

m e n t i o n e d in W a n g et al. (2012), the asympto t ic theory over­

estimates the pressure of sh ip- l ike sections, i n par t icular for a 

smal l deadrise angle, the s imi la r behavior is observed here f o r 

b o t h o f the pressure points . For the pressure p o i n t at r = 9 cin, the 

predic t ions f r o m LS-DYNA are i n good agreement w i t h the 

measured ones, i nc lud ing the r i s ing t i m e o f the peak value and 

as w e l l the m a x i m u m value of the pressure, t h o u g h some 

numer ica l noises exist. As to the pressure p o i n t at r = 4 cm, the 

predic ted peak value is smal ler than the measured one. This is 

m a i n l y due to the th ree -d imens iona l i ty o f the s imula t ion , f o r 

w h i c h the pressure captured by the v i r t u a l sensor is more easily 

d i s tu rbed by f requency noises, and probably the pressure is 

a f fec ted by the pos i t ion o f the sensor. 
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Fig. 24. Predicted and measured pressure distribution at r = 4 c m on the 
hemisphere. 

5.2.2. Cone 20-

Figs. 25 -27 show the predicted and measured acceleration, 

impac t veloci ty and penetrat ion dep th fo r the r ig id cone w i t h a 

deadrise angle of 20 ' du r ing the impact . The comparisons between 

the calculations i n this w o r k w i t h the measured and theoretical 

values are s imilar to that of the hemisphere. 

Fig. 28 plots the pressure histories o f the t w o points at r = 4 c m 

and r = 9 c m on the cone 20". The s imulated r i s ing t ime o f the 

pressure points at r = 4 c m is a l i t t le b i t earlier than those f r o m 

the tests. Probably i t is due to water j e t of the free surface i n the 

model ing , w h i c h affects the pressure value earlier. For the peak 

values, the one at r = 4 c m is smaller than tha t f r o m the exper i ­

men ta l and theoretical solut ion, and this difference was also 

observed i n the study of 2D wedge w i t h a deadrise angle 20" by 

W a n g and Guedes Soares (Submit ted fo r Publication). Similar to 

the experiments, the predicted peak pressure at r = 9 cm is larger 

than the one at r = 4 cm. 
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Fig. 26. Predicted and measured impact velocity on the cone20 . 
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Fig. 27. Predicted and measured penetration on the cone20 

Probably, i t is due to the wate r surface elevat ion du r ing the 

impact . High impulses are observed fo r these t w o pressures. 

5.2.3. Cone 45' 

Figs. 2 9 - 3 1 show the predicted and measured acceleration, 

impac t veloci ty and penetrat ion dep th for the rigid cone w i t h a 

deadrise angle o f 45" du r ing the impact . Quite good agreements 

be tween the predictions and measured values are f o u n d i n the 

in i t i a l stage, w h i l e the discrepancies increase as t ime goes by. 

Fig. 32 plots the pressure histories o f the t w o points at r = 4 c m 

and r = 9 c m on the cone 45". Obviously, the predicted pressure 

peak at r = 4 c m is much l o w e r than the exper imenta l results. 

I t can be noticed that the r i s ing t ime o f the s imulated pressure at 

r = 9 c m is earlier than the measured and asymptotic ones. 

5.3. Impact coefficient 

The non-dimens ional impact coeff ic ient o n a hemisphere is 

p lo t t ed in Figure and compared w i t h exper imenta l measurements 

and numer ica l calculations. I t must be noted tha t the impact 

veloci ty o f the hemisphere is constant here. 

As seen i n this f igure , the predic t ion in present w o r k has good 

consistency w i t h other calculations at the late stage. A t the early 

stage, the present me thod underestimates the impac t coeff icient . 

This is consistent w i t h the pred ic t ion o f the pressure values at 

r = 4 cm w h i c h are p lot ted in Fig. 24. I t is due to the mesh size of 
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Fig. 30. Predicted and measured impact velocity on the cone45'. 

the hemisphere and that of f luids in impact domain , and the 

contact stiffness be tween the coupl ing nodes. 

Fig. 34 compares the predicted impact coeff ic ient on the cone 

30° w i t h the calculations obtained f r o m E l M a l k i Alaoui et al. 

(2012)'s exper iment . Good agreement is achieved be tween t h e m . 

The pressure d i s t r i bu t ion on the we t t ed surface of the cone30'' is 

compared w i t h the calculations o f Battist in and la f ra t i (2003) i n 

Fig. 35, i n terms o f non-dimensional pressure coeff ic ient Cp = 2Fj 

pV^ and relative pos i t ion on the b o t t o m surface z /d( f ) , whe re z 

means the ver t ical coordinate of the posi t ion, and d( t ) is the 

instantaneous penetra t ion o f the cone be low the ca lm water. 

z / d ( f ) = - l denotes the lowest po in t o f the cone, and z / d ( t ) = 0 

means the intersect ion between the cone and water. As p lo t ted , 

the predicted water surface elevation is i n good agreement w i t h 
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Fig. 31. Predicted and measured penetration on the cone45'. 
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Fig. 33. Non-dimensional impact coefficient on a falling hemisphere. 

the numerical calculat ion f r o m Bat t is t in and laf ra t i (2003) . The 

peal value obtained i n present w o r k is a l i t t l e larger than that 

f r o m Battistin and la f ra t i (2003), bu t both of t h e m occur near the 

spray root of the water j e t . Due to the ins tabi l i ty of the three-

dimensional s imula t ion , the predicted pressure oscillates abound 

the calculation f r o m Bat t is t in and la f ra t i (2003) . For the numer ica l 

solut ion, the pressure values are obta ined f r o m the v i r t ua l pres­

sure sensors placed at the center o f the Lagrangian elements. The 

distance f r o m the pressure sensor to the e lement may affect the 

pressure values, as a result, affect the pressure d is t r ibu t ion . This is 

one possible reason fo r the oscillations o f the numer ica l pressure 

d i s t r ibu t ion . 

W i t h regard to the to ta l force on the r ig id cones, the values 

o f the non-dimensional s l a m m i n g coeff ic ient are de f ined as 
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Fig. 34. Non-dimensional impact coefficient for the falling cone w i t h a deadrise 
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impact o f a cone w i t h constant velocity. Based o n t l ie constant 

veloci ty assumption, this value is computed by the present 

method as, 4.6, w h i c h is s l ight ly smaller than the numerical 

and theoret ical calculations. 

The non-dimens ional s l amming coefficients on the r igid cones 

w i t h d i f f e r en t deadrise angles are compared w i t h the results f r o m 

exper imental , theoretical and numer ica l studies, as p lo t ted in 

Fig. 36. Wagner (1932) theoretically overestimates them, as a 

result of a higher correct ion of the w e t t i n g factor. For a cone w i t h 

a small deadrise angle, the present me thod gives a higher 

coeff ic ient than the values f r o m other solutions. W h e n the dead-

rise angle is 15-, the restilts f r o m LS-DYNA, Abaqus and experi­

ments agree w e l l , w h i l e they are larger than the calculations f r o m 

M o d i f i n e d Logvinovich Me thod ( M L M ) . W h e n the deadrise angle 

is 20" and 30 \ LS-DYNA gives smaller values than the results f r o m 

Abaqus and experiments, but they are s t i l l larger than the 

calculations f r o m M o d i f i n e d Logvinovich M e t h o d ( M L M ) . Gener­

a l ly speaking, the s l amming coeff icient is larger for the cone w i t h a 

smaller deadrise angle. 
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Fig. 35. Non-dimensional pressure distribudon on the wetted surface of cone30\ 
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Fig. 36. Non-dimensional slamming coefficients on cones w i t h different deadrise 

angles. 

J{p)=Ftan\fi)l{pVt^) i n Bat t i s t in and la f ra t i (2003), whe re p is the 

deadrise angle, F the ver t ical hydrodynamic force, t is the t ime , V 

the impact velocity and p is the wa te r density. For a cone w i t h a 

deadrise angle of 30", Bat t i s t in and laf ra t i (2003) gave ihe KP) a 

value of 4.77, w h i c h is i n good agreement w i t h the most accurate 

theoretical predict ion, J{fi)=4.8, obtained by Schi f fman and 

Spencer (1951) w i t h a f u l l y theoretical solut ion for the wate r 

5.4. Pressure distribution and water surface elevation 

Figs. 37 and 38 p lo t the variations o f the pressure d i s t r ibu t ion 

on the w e t t e d surface o f the hemisphere and cone 30". The non-

dimensional penetra t ion d(t)/R denotes the t ime instant d u r i n g 

the impact , w h i l e d ( f ) / R = 0 means the m o m e n t w h e n the structure 
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Fig. 37. Variations of the pressure distribution on the wet ted surface of the 
hemisphere. 
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touches the ca lm water, and xjR denotes the relative posi t ion on 

the we t t ed surface. A t d i f fe ren t t i m e instant, the zero pressure 

occurs at d i f f e r en t posi t ion due to the water surface elevation. 

For the hemisphere, the m a x i m u m pressure is located near the 

spray root o f the wate r surface at the in i t ia l stage. As the h e m i ­

sphere falls, the pressure values drop quickly. The m a x i m u m 

pressure moves towards the lower part of the b o t t o m surface. 

A f t e r d ( t ) /R=0.286 , the pressure values do no t drop as much as 

those at the in i t i a l stage, as seen i n Fig. 37. 

As seen in Fig. 38, the m a x i m u m pressure on the b o t t o m 

surface o f cone30" is located near the spray root o f the water 

surface, and i t increases before the total ly immers ion of the cone. 

A f t e r the f l o w separation, the m a x i m u m pressure d rop quickly and 

moves to the lower part o f the b o t t o m surface. As plot ted, the 

pressure d i s t r i bu t ion at d ( f ) / R = 0.224 on the we t t ed surface 

o f a 2D wedge w i t h /?=30' ' is included as w e l l . The pressure 

values are larger than the ones on the 3D c o n e 3 0 ° due to the 

three-dimensional effects, however, the peak values almost occur 

at the same posi t ion. 

Figs. 39 and 40 show the pressure contours and water surface 

elevations at d i f fe ren t t ime instants on the hemisphere and the 

c o n e 3 0 ° . I t must be noted that only the profiles on x-z plane are 

presented here, in order to make t h e m visible. The pressure 

contours correspond to the pressure values w h i c h are p lot ted i n 

Figs. 37 and 38. For the hemisphere, the m a x i m u m pressure is 

located near the intersect ion be tween the ca lm water and the 

b o t t o m surface w h e n d( t ) /R=0.06 . A t the m o m e n t o f d(t) /R=0.165, 

the pressure values drop gready and the water j e t is produced 

i n i t i a l l y A t the m o m e n t of d( t ) /R=0.35, the water j e t departs f r o m 

the structure surface, and the pressure at the spray root becomes 

very small . Correspondingly, the impac t force decreases af ter the 

f l o w separation as p lo t ted in Fig. 33. 

For the c o n e 3 0 ° , the m a x i m u m pressure is located near the root 

o f the water surface before the to ta l ly immers ion , as seen i n the 



S. Wang, C. Cuedes Soares / Ocean Engineering 78 (2014) 73-88 S7 

Fringe Levels 

2.000e+05 _ 

1.800e+05 

1.600e+05_ 

1.400©*05_ 

1.200e+05 _ 

1.000e+05_ 

8.0009+04 _ 

6,000e+04 _ 

4.000e+04 

2.000e+04 _ 

-0.000e*00 

Fringe Levels 

2.000e*05_^ 

1.800e+05 J 

1.6006*05 _ 

1,400e+05_ 

1.200g+05_ 

1.000e+05_ 

8.000e+04 _ 

6.000e*04 _ 

4.000e+04 _ 

2.0O0e*04 _1 

-O.OOOe+00 

Fringe Levéls Fringe Levels 

2.0009+05 _, 2.000b+05_. 

1.800e+05_ 1.800e*05 J 
1,600e+05_ 1.6008+05 _ 

1.400e*05 _ 1.40öe+05_ 
1.2_00e*05_ 1.2009+05 _ 
1.000e+05_ 1.000e+05_ 
8.000e+04 8.000e+04 _ 
6.000e »04_ 6.000e+04 _ 
4.000e*04 _ 4.0009+04 _ 

2.000e+04 J 2.000e+04_ 
O.OOOe+00 _ -O.OQ0e«00 . 

Fig. 40. Pressure contour and water surface elevation on the cone 30 during the water impact. 

f i r s t t w o pictures o f Fig. 40. W f i e n d(t) / i?= 0.464, the cone enters 

the wate r completely, and the general m a x i m u m pressure occurs 

at this m o m e n t as p lo t ted i n Fig. 38. Some numer ica l noise is 

observed i n the pressure contour at this m o m e n t . W h e n d ( f ) / 

R=0.7, small wa te r droplets departs f r o m the wa te r je t , and the 

pressure values on the surface become small . 

6. Conclusions 

In this paper, the wate r impact o f rigid hemisphere and cones 

w i t h d i f f e r en t deadrise angles is numer ica l ly investigated, by 

apply ing an expl ic i t f in i t e element me thod based on a m u l t i -

mater ia l Eulerian f o r m u l a t i o n and a penalty coupl ing a lgor i thm. 

The present w o r k is ma in ly focused on the appl icat ion o f this 

me thod i n the water impact problems o f 3D bodies. 

Firstly, a convergence study was carried ou t w i t h a t t en t ion 

focus on the mesh densi ty of the f lu ids i n the impac t domain , 

contact stiffness and time step. I t is f o u n d tha t mesh densi ty is o f 

great impor tance to the numerica l results. Considering the c o m ­

puta t ional efforts , 0.0167R mesh size was applied to the models i n 

present w o r k , w h i l e the penalty factor is 0.1. The t i m e steps were 

computed fo r d i f f e r en t cases. For a small mesh size or a h igh 

impact velocity, a very small time step is required to make the 

solut ion stable, w h i c h fo l lows h igh computa t iona l e f for t s . 

Secondly, the numer ica l calculations were compared w i t h the 

exper imenta l and analytical results. This is f o l l o w e d by the study 

on the inf luence o f the constant impact veloci ty assumption, 

w h i c h showed that the total impact force and the local pressure 

f r o m the mode l w i t h constant veloci ty were larger than the ones 

f r o m the mode l w i t h d rop velocity, and the differences became 

large as the structures enter the water. The inf luence o f the 
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constant ve loc i ty assumption can be neglected, on ly w h e n the 

in i t i a l stage is s tudied. Then, the t ime-histories o f impac t accel­

erat ion, velocity, and penetrat ion o f the hemisphere, cone20 " and 

cone45 " w i t h d rop velocities were compared w i t h available 

measurements. Some differences were observed in the curves o f 

the acceleration and velocity, probably due to the inaccuracy o f the 

measured ve loc i ty i n the tests. For the local pressures, the 

predicted peak values o f P l for all the three cases were l ower 

than the measured ones. 

For the impac t coefficients on the hemisphere w i t h constant 

velocity, the consistency between the present predict ions and the 

exper imenta l and numer ica l calculations was satisfactory, t hough 

this m e t h o d underest imated t h e m at the in i t ia l stage of the 

impact . As to the non-dimensional s l amming coefficients on cones 

w i t h d i f f e r e n t deadrise angles, good agreement was achieved 

between the present calculations and other results, a l though some 

differences were observed. 

The pressure contours and water surface elevat ion of the 

hemisphere and c o n e 3 0 ° du r ing the impact were presented at 

the last pa r t o f this paper, together w i t h the corresponding 

pressure d is t r ibut ions . I t was f o u n d that the m a x i m u m local 

pressure occurs w h e n the hemisphere touched ca lm water, and 

the total impac t force o n the cone happened after to ta l ly i m m e r ­

sion. In conclusion, this method has been proper ly used to s tudy 

the 3D wa te r impac t problems w i t h good accuracy. 
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