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Abstract
In the current paper, two-dimensional freefall of wedge water entry is investigated in 1 degree of freedom. The defined

problem is numerically studied using the STAR CCM? software and by adopting an overset mesh approach. Three

different chine wedges of 10�, 20�, and 30� deadrise angles are modeled. Kinematics of the considered wedges, impact

loads, pressure, and the free-surface elevation around the considered wedges are presented. Based on the comparison of the

computed vertical acceleration of the wedge of 20� deadrise angle against experimental data, it is determined that the

proposed numerical method has relatively good accuracy in predicting the wedge response. The effects of deadrise angle

and drop height on the kinematics of the wedges are also explored in different numerical simulations. Larger deadrise angle

is found to yield lower and more transient vertical acceleration. It is demonstrated that impact force increases with an

increase in depth, but finally approaches a constant value. Time histories of the pressure at three different points, located on

the wedge wall, are also computed, indicating that an increase in the height leads to larger pressure at these points.

However, when the mass is increased, the difference between the peak pressures at these points is strikingly reduced. Plots

of the pressure distributions are also presented, which suggest that, as the submergence of the wedge increases, the pressure

coefficient decreases. Furthermore, the pressure distributions indicate that, for the lighter wedge, the reduction in pressure

coefficient is larger. Ultimately, the free surface elevation around a wedge during the freefall is presented. An increase in

the pile-up is observed when the submergence height is increased, but for the wedge of 30� deadrise angle, the difference
between free-surface profiles at specific times is far less than that of wedges of 10� and 20� deadrise angles.
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1 Introduction

Water entry of solid bodies has always been considered an

interesting and crucial problem for the naval architects and

structural engineers. Accurate prediction of the forces

acting on the sections entering water helps engineers

design a better and safer structure, especially in the rough

waters [1]. Furthermore, a good estimation of hydrody-

namic pressure in such a phenomenon is an important key

for accurately predicting the performance of high-speed

crafts in steady [2], unsteady [3–5], and even maneuvering

motions [6]. On the other hand, most of the researchers in

this field have frequently considered the water entry with

constant vertical speed, but when a section enters the water,

its speed varies overtime. In recent years, some new

research has been carried out, aiming to determine the flow

characteristics and impact loads during the freefall of the

wedge. The current research also aims at providing wider

results and understandings about this phenomenon through

numerical approach. To this end, pressure field and

response of the wedge falling into water are determined by

solving Navier–Stokes equation with finite-volume method

and by taking advantage of the volume of fluid scheme for

capturing the free surface.

The physics of the water entry problem have been

studied by a wide range of researchers. The starting point

can be traced back to some classical works focusing on the

landing of seaplanes. Von Karman [7] was a pioneer in this
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field. He presented a solution to the water entry problem

using the momentum variation. Afterward, Wagner [8] re-

studied this problem and indicated that a pile-up factor

should be used in determining the free-surface position,

which can provide a better prediction of the impact load.

These classical methods were based on the potential theory

in which viscosity and surface tension of the fluid were

neglected, and the potential flow around the solid body was

determined. Moreover, in both these classical methods,

boundary conditions were assumed to be linear to simplify

the simulation process. Finally, Wagner method was con-

sidered based on the flat disk approximation, but no result

was provided for a wedge-shaped body. Considering some

physical aspects of this phenomenon, many researchers

have attempted to modify the previous Wagner solution

[8]. These efforts ranged from consideration of the non-

linear aspects of the problem [9–11] to derivation of the

water entry solution for three-dimensional conditions

[12, 13]. Moreover, some new modifications were also

applied to model the asymmetric water entry [14, 15]. In

addition to the analytical solutions developed by modifi-

cation of the Wagner method [8], some other solutions

have been introduced which considered the linear free-

surface boundary conditions and used Schwartz–Christof-

fel conformal mapping technique [16–19]. However, all of

these analytical methods, from Wagner method to

Schwartz–Christoffel conformal mapping, were restricted

to only potential flow, and were not able to determine the

real flow around the rigid body, penetrating the water

surface. As surface integrating methods gained popularity

among researchers, the focus of some research was shifted

from the classical Wagner methods toward the semi-ana-

lytical approach in which boundary conditions were

assumed to be linear and were applied for modeling the

splashed-up water line. In this context, Zhao et al. [20]

carried out an initial study and used the splashed up and

determined the free surface elevation utilizing the vertical

velocity components on the free surface. Some other the-

oretical solutions were also performed by Vorus [21], Xu

et al. [22], and Judge et al. [23]. The two latter research

took the asymmetric condition and oblique speed into

account, respectively. These methods involved the simu-

lation of irrotational flow and the obtained solution could

not expectedly offer any better result than analytical or

numerical solution of the Navier–Stokes equations. This is

while, in the real sea condition and especially when other

ship motions are involved, the viscous tensions may play a

vital role on the impact load, and even the breaking of the

water jet needs to be simulated with more accuracy.

To obtain more accurate solutions and overcome the

stated difficulty, some researchers have taken advantage of

the computational fluid dynamics (CFD) methods and

conducted different simulations. Explicit finite-element

method (FEM) was used by Stenius et al. [24, 25] to model

the water entry of ship sections and predicted their

hydroelastic behavior of the flexible wedges. Later, Wang

et al. [26] presented a specific FEM-based approach for

determining the impact loads acting on a wedge section

penetrating the water with constant speed. They further

developed their work for considering other conditions

[27–29]. Smoothed particle hydrodynamics (SPH) is an

alternative method which has also been used for analyzing

this problem. Based on the observations of different

researchers, this method is shown to provide good assess-

ment for the water surface elevation, while the impact load

is under-estimated. Using SPH method, Farsi and Ghadimi

[30] conducted different simulations for water entry of

wedge sections with constant speed, and later presented

their results for twin-wedge sections with deck [31],

asymmetric impact [32], and three-dimensional geometries

[33]. In addition to these methods, finite-volume method

(FVM) has also drawn the attention of many of researchers,

mainly due to its proper accuracy, as claimed by Brizzolara

et al. [34]. Using FVM, Fairlie-Clarck and Tvitness [35]

also computed forces acting on the wedge sections and

determined the added mass force contribution in impact

force. Adopting a different approach and utilizing the

InterFoam solver in the OpenFoam software which uses the

FVM and volume of fluid (VOF) techniques, Maki et al.

[36] predicted the water surface elevation and hydrody-

namic pressure acting on the body with reasonable accu-

racy. In a different study, Ghadimi et al. [37] simulated

water entry of a circular cylinder with constant speed and

later extended their simulations to the water impact of

arbitrary bow sections [38, 39]. Shademani and Ghadimi

[40–42] established an FEM-based FVM approach in

which they simulated 2D and 3D water entry problems.

More details about numerical methods and their accuracy

in simulation of water entry problem can be found in the

work of Brizzolara et al. [34]. Based on the surveyed lit-

erature, it is clear that these numerical studies were only

performed to model the constant speed water entry prob-

lem. It is quite apparent that, while these schemes

demonstrate (especially the FVM) great potential in solv-

ing flow around a wedge entering the water, they were not

used to solve the free fall of a wedge and its dynamic

response. However, during the operation of a ship, it is

impossible that a ship exhibits a constant-speed water entry

motion.

To provide more applicable results, some researchers

have tried to solve the water entry of rigid bodies in freefall

condition. Faltinsen et al. [43] performed an early research

regarding this problem, where they used the added mass

variation of a cylinder. On the other hand, Xu et al. [44, 45]

made some efforts to analyze such a problem for the wedge

sections using the surface integration in which non-viscous
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fluid was studied. Recently, a new series of experimental

works [46–49] has been conducted with this view of the

water entry problem, all of which have utilized particle

image velocimetry (PIV). In addition, Facci et al. [50, 51]

have numerically solved 2D and 3D water entry problems

applying InterDymFoam Solver in OpenFoam freeware

and compared their results with experimental data before

the chine wetting. Their 2D results were confined to a 25�
deadrise wedge.

In the current paper, it is aimed to provide a numerical

simulation pattern based on FVM approach for the freefall

of 2D wedges with chine. There are some particularly

useful features for the proposed method. First, it aimed to

consider freefall motion, and as a result, the dynamic

response of a wedge is determined. Furthermore, the chine

wetting is also taken into consideration, and the targeted

simulations are conducted for the time subsequent to chine

wetting. Furthermore, the flow is assumed to be viscous,

and consequently, the normal stresses are computed and the

effect of viscosity on the response can also be ascertained.

Moreover, unlike some of the previously reported simula-

tions [50, 51], in which only the wedge body penetrates the

water and moves downward, an overset region is adopted

around the wedge, which moves with the wedge and

experiences all of its motions. On the other hand, this work

deals with a wider range of wedges. The defined problem is

solved and the response including the acceleration, speed,

and displacements is determined in each time step. In

addition to these, pressure, impact force, and the water

surface elevation are computed. The predicted results are

compared against experimental and previous numerical

results to evaluate the accuracy of the problem. Ultimately,

the main targeted results including kinematics of wedge,

impact load, pressure time history, pressure distribution,

and free-surface elevation are computed. All the targeted

results are presented for different wedges of 10�, 20�, and
30� deadrise angles.

2 Description of problem

Schematic of the problem considered in the current study is

displayed in Fig. 1. As evident in this figure, a wedge with

chine of mass M is located at the initial height of h0, above

the calm water line. The wedge is symmetric and has a

width of B and deadrise angle of b. It is assumed that the

wedge can freely fall into the water, while its angular and

horizontal motions are confined. A right-handed coordinate

system, denoted by Oxy, is considered on the calm water

line, just under the wedge apex, by which the wedge

position is identified. The initial speed of the wedge is

assumed to be zero.

Using the defined coordinate system, equation of motion

in vertical direction can be written as

M€z ¼ Fz �Mg ð1Þ

where €z is the vertical acceleration and Fz is the total

vertical force acting on the wedge. Parameter g represents

the gravity acceleration and the term Fz is neglected before

the water touches the wedge section. When the water

touches the wedge section, the body gets wet and the water

is piled-up, producing hydrodynamic pressure over the

wedge, denoted by p. If the pressure and normal stresses, r,
are determined over all the wetted area, the impact force

can be computed by

Fz ¼
Z

S

pnz þ rnzð Þdl: ð2Þ

In this equation, nz is the vertical component of the

normal vector. In addition, S is the wetted area starts from

the highest wetted point at the port and ends at the highest

wetted point at the starboard. Since the wedge is consid-

ered to be symmetric and is constrained in other directions,

these two points have similar heights at both sides of the

wedge. This yields zero horizontal force and angular

moment. In general, the force cannot be determined unless

the water surface elevation and hydrodynamic pressure are

determined. With this in mind, a numerical model is pro-

posed in the current paper which is described in the next

section.

3 Numerical method

3.1 Governing equations

The fluid domain consists of the air and water which are

separated from each other by the free surface. The Mach

number of the considered problem is far smaller than 0.3 in

both the air and water, allowing us to use incompressible

h0 

B 

x 

z 

Fig. 1 Schematic of the considered problem
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fluid equations for analyzing the flow. Velocity vector u at

each point is given by

u ¼ uxiþ uyj; ð3Þ

and the mass continuity equation is written as

r � u ¼ 0 : ð4Þ

In addition, the momentum equation is

D quð Þ
Dt

¼ �rpþr � luþ qg ð5Þ

where q is the density and l is the viscosity. The density is

found by

q ¼ aqw þ 1� að Þqa ð6Þ

and viscosity is determined by

l ¼ alw þ 1� að Þla: ð7Þ

In Eqs. (6) and (7), subscripts w and a refer to the water

and the air, respectively. Moreover, a is the volume frac-

tion of water in each cell which is governed by the

equation:

oa
ot

þr � auð Þ ¼ 0: ð8Þ

To solve Eqs. (3) through (8), a numerical model is

adopted within the STAR CCM? software which has been

utilized. Using FVM and semi-implicit method for the

pressure-linked equations (SIMPLE) approach, the

momentum and continuity equations are solved. In addi-

tion, the governing equation for a is solved using High

Resolution Interface Capturing (HRIC) scheme. Details of

the problem setup are presented in the next sub-section.

3.2 Problem setup

The computational domain of the problem is illustrated in

Fig. 2. The wedge apex is embedded on the vertical sym-

metry line of the domain. Two side walls are considered on

the right and left sides of the wedge. On the solid walls, a

free-slip condition is applied and gradient of volume

fraction is considered to be zero. Bottom of the domain is

considered to be a wall and its boundary condition is also

assumed to be a free-slip condition, implying that pressure

and velocity gradients are zero. In addition, the volume

fraction gradient is set to be zero on the bottom wall. The

upper side of the considered domain is considered to be an

open patch from which the fluid can either enter or exit. On

this patch, a relative pressure condition is applied. More-

over, the velocity gradient is set to be zero on this patch.

Similar to other boundaries, the gradient of volume fraction

is also assumed to be zero on this boundary. The wedge is

initially placed at the vertical position of h0 above the calm

water. The boundary condition for the wedge surface is

taken to be no-slip boundary. On this boundary, pressure

gradient along the direction perpendicular to the wall is

zero. Below the water line, a is set to be 1.0 which implies

that there is water beneath this line. Details of the boundary

conditions are presented in Table 1. The length of the

considered domain is assumed to be 12B and its depth is

taken to be 10B.

To analyze the problem, the initial vertical speed is

assumed to be zero. Furthermore, the water line is set to be

at rest, as an initial condition. A mass M is assumed for the

wedge which causes a weight force, leading to the freefall

of the wedge downward.

3.3 Mesh setup

To numerically investigate the problem, an overset mesh

grid is generated. This type of meshing approach increases

the accuracy of the solution near the far-field boundaries.

In addition, small mesh is only produced near the moving

body and free surface. As a result of this approach, the

computation process is reduced. A schematic of the overset

mesh for the current problem is displayed in Fig. 3, which

consists of an overall and a close-up view of the mesh. As

evident in the overall view of the mesh, an overset region

surrounding the 2D wedge is considered. This region is set

to be 1.8B 9 1.4B in size. In addition, it is observed in the

closed up view that around the wedge apex, where the

possible water spray passes, the volumes appear to be1.8B 

1.4B 
Side Wall 

Side Wall 

Bo�om 

Atmosphere  

Overset region 

Fig. 2 Problem domain

Table 1 Defined boundary conditions prescribed on the boundaries

Boundary Velocity Pressure Volume fraction

2D wedge u ¼ _x iþ _y j op
on ¼ 0 oa

on ¼ 0

Atmosphere ou
on ¼ 0 p = 0 oa

on ¼ 0

Bottom and side walls ou
on ¼ 0 op

on ¼ 0 oa
on ¼ 0
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small. Finally, the mesh around the calm water surface is

set to be fine. To offer more information regarding the

mesh, the movements of the wedge with an overset region

around it are shown at three different times, as shown in

Fig. 4.

4 Validation

4.1 Mesh study

To find the most optimum mesh that is appropriate for the

current freefall problem, the response of a wedge of 20�
deadrise angle is examined. The wedge height is assumed

to be 0.61 m and its mass is 124 kg. Six different mesh

sizes are considered. Details of these meshes are shown in

Table 2. Accordingly, the vertical acceleration, normal

force, and vertical velocity of the 2D wedge is simulated by

each of these mesh sizes and the results are compared

against each other. The comparison is illustrated in Fig. 5.

As evident in this figure, results of case 1 are undesirable in

computing all three parameters. For example, large fluc-

tuations are observed in the computed acceleration and

vertical force when case 1 is used. On the other hand, it is

observed that results of cases 2 and 3 indicate smaller

force, smaller vertical acceleration, and smaller vertical

velocity. It can also be seen that using cases 4, 5, and 6,

similar values are determined for vertical force, accelera-

tion, and vertical velocity of the wedge. By considering

these details, mesh size 4 is adopted for solving the current

problem. The results of this mesh are similar to those of

mesh 5 and mesh 6, but the number of mesh elements in

this case is smaller than the other cases.

4.2 Comparison with the previous results:
pressure

For validation of the predicted pressure, the water entry of

constant velocity is modeled for different wedges which

have previously been considered in the famous numerical

study conducted by Zhao and Faltinsen [20]. The computed

pressures are compared against the numerical results [20],

as shown in Fig. 6. As observed in this figure, the pressure

distribution is in good agreement with the numerical

Fig. 3 a Overall view of the mesh and b close up view around the wedge

Fig. 4 Falling of the wedge and the overset region moving with it, at three different times

Table 2 Considered mesh sizes

for the mesh study
Case Number of cells

Case 1 7756

Case 2 11,467

Case 3 26,052

Case 4 90,762

Case 5 179,242

Case 6 500,246
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results. The largest error between these methods in pre-

dicting the pressure corresponds to the wedge of 10�
deadrise angle and this can be attributed to the peak of

pressure. In other cases, the trends are in good agreement,

and the peak pressures are relatively similar. Therefore,

one may conclude that the present method provides rea-

sonable accuracy in predicting the pressure distribution.

4.3 Comparison with the previous result of Xu
et al. [22]

After verifying the accuracy of the presented numerical

simulation in predicting the pressure, its accuracy in

computing the kinematics of the wedges in freefall is

assessed. For this purpose, three different wedges are

considered, which are illustrated in Table 3. Based on the

information provided in this table, these wedges have three

different deadrise angles of 10�, 20�, and 30�. Two dif-

ferent masses and drop heights are also considered for the

W2 model, while other examined wedges are numerically

modeled for one mass and one drop height. The defined W2

model was previously studied by Xu et al. [22] which is

hereby used for verifying the accuracy of the proposed

method.

Kinematics of the wedge including acceleration, entry

depth, and vertical velocities are also computed. The entry

depth and vertical velocity are not presented in this section,

but they will be reported later in the result section. A

comparison of the predicted vertical acceleration against

experimental data for the lighter cases of W2 model is

displayed in Fig. 7, which contains three different drop

heights of 0.61, 1.22, and 1.83 m. As observed in this

figure, there is good agreement between the experimental

data and the results of the current simulations. The trend of

vertical acceleration as a function of time is similar to that

of experimental data in all cases. The results of the

numerical models show that the wedge touches the water,

reaches its maximum acceleration, and approaches a final

constant value, approximately at the recorded time of the

experiments. The peaks of the vertical acceleration for all

three drop heights are in good agreement with the experi-

mental data. In the case of the lowest drop height, the

maximum values are very close to each other, and the

corresponding error is below 7%. For the other two cases,

error is slightly larger which is related to the initial drop

height. The error associated with the prediction of the

maximum vertical acceleration of the case with the largest

drop height is 18.2%. Larger initial drop height means

larger impact speed at the time the wedge reaches the

water, which leads to larger errors at that time. It is evident

that the errors highly decrease after this time. That is, the

larger drop height adversely affects the accuracy at the

onset of the impact, and subsequently, errors reduce.

Comparison of the predicted vertical accelerations

against experimental data for the W2 model with larger

mass of 249 kg is demonstrated in Fig. 8. Similar to the

lighter case, three different initial drop heights are simu-

lated. For this case, as indicated for the lighter case, the

best accuracy can be seen for the smallest drop height. In

addition, the errors associated with the drop height of
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Fig. 5 Grid study of the free fall of W2 model with mass of 124 kg

and initial height of 0.61 m: a vertical acceleration, b vertical force,

and c vertical velocity
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0.122 m are smaller than those of the lighter load. Even at

the largest drop height, the accuracy of the heavier load is

better than that of the lighter load. This can be attributed to

the load force. When the load force is larger, the difference

between the impact force and the load force decreases, and

leads to smaller acceleration. When this occurs, the vertical

impact changes at a smaller rate which yields smaller

variations in the fluid velocity field with respect to time.

Hence, the current numerical method provides better

accuracy in predicting the dynamic response of the heavier

(d)

(c)(b)(a)

(e)

Current Simulation (FVM)
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Fig. 6 Comparison of the predicted pressure distribution over the wedge wall against numerical results of Zhao and Faltinsen [20] for water entry

of wedge with constant speed: a b = 10�, b b = 20�, c b = 25�, d b = 30�, and e b = 45�

Table 3 Run conditions
Run No. Wedge width (m) Deadrise angle (�) Drop height (m) Mass (kg)

Run for W1

1 0.61 10 0.61 124

Runs for W2

2 0.61 20 0.61 124

3 0.61 20 1.22 124

4 0.61 20 1.83 124

5 0.61 20 0.61 293

6 0.61 20 1.22 293

7 0.61 20 1.83 293

Run for W3

8 0.61 30 0.61 124
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loads. Moreover, based on the produced plots in this case,

some fluctuations are observed in reported results by Xu

et al. [22], which are not observed in the results of the

current simulations. The vibration of the wedge wall during

the impact causes these fluctuations, and since the current

work does not deal with hydro-elasticity, these fluctuations

are not determined.

4.4 Comparison with recent experimental results
of Panciroli and Porfiri [46]

To provide a better understanding regarding the capability

of the presented numerical simulation, a comparison of the

current results against the recent experimental results of

Panciroli and Porfiri [46] is also presented. Therefore, a

wedge falling into water with deadrise angle of 25� and the

initial drop height of 50 and 75 cm are considered. The

weight of the wedge is set to be 0.46 kg. The obtained

results are displayed in Figs. 9 through 11. Figure 9 shows

the predicted acceleration. As evident in this figure, the

trend of variation of the predicted vertical acceleration, as a

function of time, is similar to experimental results of

Panciroli and Porfiri [46], showing that the current

numerical simulation is relatively accurate. Figure 10 dis-

plays the predicted normal force per unit depth. According

to this figure, the behavior of the predicted force, as a

function of time, is also similar to the experimental data for

both the initial heights. In addition to this, the peak values

of both experimental data and the current numerical data

are also in good agreement, especially for the case with the

initial height of 75 cm. Ultimately, the predicted vertical

speeds at different times are compared against the
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Fig. 7 Comparison of the predicted vertical acceleration against experimental data of Xu et al. [22] for the W2 model with mass of 124 kg:

a h0 = 0.61 m, b h0 = 0.122 m, and c h0 = 0.183 m
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theoretical solution of Wagner [8], as shown in Fig. 11.

Plots of this figure suggest that the computed vertical

velocity through the current numerical method displays

good agreement with the theoretical solution of Wagner

[8].

A comparison between normalized pressure of the cur-

rent numerical simulation and experimental results of

Panciroli and Porfiri [46] is displayed in Fig. 12. As evi-

dent in this figure, the results of current numerical simu-

lation agree with experimental data and theoretical

solutions of Wagner, especially near the peak pressure, and
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the error in predicting the peak pressure is smaller than

10%.

The computed pressure contours in the fluid domain are

compared against experimental data for both the initial

heights, as shown in Figs. 13 and 14. This comparison

shows that the computed pressure is very similar to the

experimental data. For example, the normalized pressure

counter near the water pile up of the initial height of 50 cm

at t = 5 ms is predicted to be 7.7, while experimental

results of Panciroli and Porfiri [46] show that this value is

about 7. On the other hand, the normalized pressure near

the wedge apex is predicted to be 1.7 at this initial height

and time, while Panciroli and Porfiri [46] reported this

value to be 2.0.

The results of the current simulations are compared

against experimental data of Shams et al. [49] who mod-

eled asymmetric freefall of a wedge of 37� deadrise angle.

In a particular case of their experiments, they measured

impact force acting on the wedge during symmetric impact.

This wedge has a beam of 200 mm, and its mass is

0.631 kg, while the initial drop height is 50 cm. The pre-

dicted force per unit depth in this case is compared against

experimental data, as shown in Fig. 15. Good compliance

is observed in this comparison. The trend of experimental

plot and numerical curve is similar. They both reach

maximum value at t = 0.005 s, and the rate of variation of

force, as a function of time, is similar for both cases. The

accuracy in predicting the force is also comparatively

good.

Pressure distribution plots for a wedge of a 37� deadrise
angle are also shown in Fig. 16. In this figure, experimental

measurements of Shams et al. [49] as well as theoretical

simulation of Wagner [8] are shown. It can be seen that the

current numerical model predicts pressure with better

accuracy than the theoretical method of Wagner [8] at all

moments.
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Fig. 13 Comparison of the predicted pressure contours (colored contours) against experimental measurements of Panciroli and Porfiri [46] (solid

line contours) for the wedge with deadrise angle of 25� at initial height of 50 mm at a t = 5 ms, b t = 10 ms, c t = 15 ms, and d t = 20 ms
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5 Results

5.1 Kinematics of the wedges

The results of the conducted simulations identified in

Table 2 are presented in this section. The predicted

velocities for W2 model in both lighter and heavier load

conditions are illustrated in Fig. 17. As evident in this

figure, the plot of vertical velocity, as a function of time,

displays three phases. The first phase is associated with the

time at which the wedge has not reached the water, yet.

During this time, speed linearly increases. The second

stage is associated with a very short period of time, nearly

1–1.5 ms. During this time, the velocity abruptly decrea-

ses, mainly due to the occurrence of maximum vertical

acceleration at this time. However, since the peak of

acceleration lasts about 1–1.5 ms, this sudden change ends

very quickly. This phase is called the onset of the impact,

the time at which water impacts the wedge surface. The last

phase starts right after the mentioned abrupt change. Dur-

ing this phase, the wedge velocity decreases at a slower

rate and reaches zero or a constant value. A comparison

between different considered cases can offer some more

insights into these three phases. As expected, the larger

drop height leads to larger value of vertical velocity at the

end of the first phase. The slopes of speed versus time plots

for all three cases are identical in this phase, since all of

them are exposed to gravitational acceleration. During the

second phase, the cases with the largest drop height

experiences more abrupt decrease at their speed. However,

its vertical speed is still larger than that of other cases.

More sudden decrease is caused by the larger maximum

acceleration. At the final phase, speed in all three cases

decreases with nearly similar slope.

A comparison of the kinematics related to runs 1, 2, and

8 is displayed in Fig. 18. As evident in Table 3, all of these

runs have the same drop height and same mass, while their

deadrise angles are different (deadrise of W1, W2, and

W3 models is, respectively, 10�, 20�, and 30�). Based on

the results in this figure, it can be concluded that W1 model

has the largest vertical speed, while W3 model has the

Fig. 14 Comparison of predicted pressure contours (colored contours) against experimental measurements of Panciroli and Porfiri [46] (solid line

contours) for the wedge with deadrise angle of 25� at initial height of 50 mm at a t = 5 ms, b t = 10 ms, c t = 15 ms, and d t = 20 ms
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Fig. 15 Comparison of the predicted normal force against experi-

mental data of Shams et al. [49] for freefall of a wedge with deadrise

angle of 37� at the initial height of 50 cm
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smallest vertical speed. This implies that a wedge of

smaller deadrise angle reaches larger vertical acceleration

at the onset of the impact. This occurs due to the fact that

smaller deadrise angle is more similar to a plate, as water

on its surface covers more area and spray root cannot move

up as readily as the larger deadrise angles. All of these

factors together lead to larger vertical acceleration at the

beginning of the penetration of W1 model. Furthermore, it

can be seen that the time, during which the maximum

vertical acceleration drops, is different for each of these

cases. This time lasts the least for W1 model, and has the

largest value for W3 model. It is noteworthy that, after all
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Fig. 16 Comparison of the predicted pressure against experimental data of Shams et al. [49] for the freefall of a wedge with deadrise angle of 37�
at initial height of 50 cm: a t = 5 ms, b t = 10 ms, c t = 15 ms, and d t = 20 ms
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wedges transit from a vertical acceleration to a small

acceleration, they all reach nearly similar values.

Based on the results of the vertical velocity, it can be

seen that all three wedges reach similar value right before

the beginning of the penetration, since they have the same

weight and fall from an identical height. The obtained

results suggest that vertical speed of W1 model, the wedge

of 10� deadrise angle, drops with the largest rate. On the

contrary, velocity of W3 model decreases with the slightest

rate. This behavior of the vertical velocity occurs, due to

the fact that the wedge with smaller deadrise angle has

larger vertical acceleration. When the deadrise angle is

larger, the spray root can move up more easily than the

smaller deadrise angle. Therefore, it produces smaller force

against the wedge penetration. This indeed proves that a

wedge with smaller deadrise angle experiences smaller

variations in its speed.

5.2 Impact loads of the wedges

The impact forces acting on W2 model during the freefall

are shown in Fig. 19. In this figure, results of all six run

conditions related to W2 model are displayed. Some

interesting points can be inferred from the displayed

results. The first point corresponds to the magnitude of the

vertical force, which is intensified with an increase in the

drop height. As observed in this figure, when the drop

height doubles, the impact force becomes a little smaller

than twice of its previous value. This can also be seen for

the drop height of 1.83 m which is three times of 0.61,

while its maximum vertical acceleration (74.3) is smaller

than three times of the vertical acceleration (28.13), caused

by the drop height of 0.61. On the other hand, it is observed

that vertical force reaches a maximum value and then

decreases, and subsequently reaches a very small value, a

value slightly larger than zero. The time during which force

decreases is considered to be the instant when the force

exerts its structural effects on the wedge. As shown in

Fig. 19, when the drop height increases, this period redu-

ces. This can be attributed to the larger force caused by the

fluid. Since larger drop height leads to larger impact force,

the wedge reaches a constant speed earlier, in comparison

with the smaller drop height. As a result, the force acting

on the wedge diminishes faster.

The computed impact force for three different wedges

consisting of W1, W2 (run No. 2), and W3 models is

displayed in Fig. 20. The wedge with the smallest deadrise

angle, i.e., W1 model, has the largest impact force. The

geometry of the wedge which is more similar to a flat plate

than the other cases displays this behavior. In addition, the

time during which impact force has large values is the

longest for W3 model. This basically implies that the larger

deadrise angle is exposed to significant impact force for a

more extended time. A wedge with smaller deadrise angle

blocks the water path in the upward direction, directing it

toward the left and right sides of the wedge. This is while,

on the surface of a wedge with larger deadrise angle, this

does not happen, and instead, the water moves up easily.

Therefore, the impact force is applied to the wedge for a

longer period of time in the case of larger deadrise angle.

To provide a better understanding regarding the impact

loads, time histories of the dynamic pressure are presented

at three different points on the wedge wall. The first point

is placed at the apex of the wedge (called keel probe), the

second one is set at the middle of the wedge (called middle

probe), and the third one is located between these two

(called quarter probe). Time history of the pressure for W2

model in the lighter case is displayed in Fig. 21. Based on

an overall view of the presented plots, one may conclude

that the pressure at each probe is zero at first, and then, it

suddenly reaches a maximum value. Ultimately, the pres-

sure at the probe reduces and reaches a constant value. It
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Fig. 18 Comparison of the

results of the kinematics of W1,

W2 and W3 models with drop

height of 0.61 m and mass of

124 kg against each other:

a vertical acceleration and

b predicted vertical velocity
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should be noted that maximum pressure at a probe occurs

when the water reaches that probe. It is interesting that

maximum pressure of the keel probe is larger than that of

the quarter probe, and maximum pressure of the latter is

larger than that of the middle probe. When water reaches

the keel at the commencement of the impact, the wedge has

its largest vertical velocity (see Figs. 17 and 18), and the

wetted surface of the wedge is very small. However, as the

water moves upward on the wedge wall, the velocity

decreases and the wetted surface becomes larger. These

two factors together cause the pressure to decrease as the

wedge penetrates more into the water. This is why the

quarter probe has smaller pressure than the keel probe and

larger pressure than the middle probe. Finally, it should be

mentioned that an increase in the drop height yields larger

pressure, as shown in Fig. 21. When the wedge falls from a
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larger drop height, it impacts the water with larger speed,

and as a result, the pressure acting on it increases. The

computed time history of the pressure at this probe for the

heavier case is demonstrated in Fig. 22. Similar to what

was observed in the previous case, an increase in the drop

height causes an increase in the pressure.

A comparison of the pressure time histories for W1, W2,

and W3 models is displayed in Fig. 23. Pressure time

tracks on the keel probe and the middle probe are deter-

mined. According to the graphs presented in this figure, it

may be concluded that an increase in the deadrise angle

leads to a larger pressure at both probes. The underlying

reason behind this fact was explained earlier.

In addition to time history of the pressure, its distribu-

tion over the wedge wall is also presented. These results

offer more insights into the effects of the freefall on the

pressure distribution. Pressure distribution on the wetted

surface of W2 model with mass of 124 kg is illustrated in

Fig. 24. Here, the vertical axis represents the pressure

coefficient normalized by p
�
0:5q _y2ð Þ, while the horizontal

axis represents the vertical distance from the wedge apex,

non-dimensionalized as y/d (d is the wedge depth beneath

the water surface at each instant). Pressures at four dif-

ferent times are presented for each case (Run 2 through 7).

Results in Fig. 24 imply that as time passes and the vertical

acceleration decreases, the peak pressure decreases, while

the area of maximum pressure shifts outward. Based on

what was described earlier about the acceleration, its value

abruptly decreases and when this happens, the pressure in

vicinity of the spray root is expected to increase. It is

notable that Facci et al. [50] observed similar behavior for

a solid wedge in freefall motion.

It can, furthermore, be seen that the difference between

pressures at the first recoded instant and the last recoded

instant becomes larger when the drop height increases. As

pointed out earlier, the cases with larger drop height

experience a faster decrease in pressure. Therefore, as time

passes, acceleration drops more, yielding further decrease

in the pressure.

The computed pressure for W2 model with mass of

249 kg is displayed in Fig. 25. Similar to what was seen in

the lighter case, a decrease in the pressure coefficient

occurs when the entry depth increases. Based on a com-

parison of the results in this case with those in the lighter

case, it can be concluded that pressure is slightly larger in

the heavier cases.

5.3 Free surface

In addition to the impact loads and kinematics of the

wedge, the wetted surface is also important to be investi-

gated, simply because it can provide good information

regarding that part of the structure, which is exposed to the

impact load. Free surface elevation around W2 model

during the freefall from the height of 0.61 m is presented in

Fig. 26 for two different masses. The horizontal axis is

non-dimensionalized using c, the half beam soaked by calm

water, and the vertical axis is normalized using d, the

submerged height of the wedge. Based on the comparison

of the results in different instances, it can be concluded that

as the wedge enters the water further, the water pile-up

increases. The acceleration decrease in time is the under-

lying factor behind this phenomenon. At the initial times of

the impact, the acceleration is large, and as a result, the

water does not have sufficient time to slip over the wedge

wall. However, as time passes and acceleration decreases,

the water has enough time to slide over the wedge.
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Fig. 22 Time histories of the pressures at three different defined probes for W2 model with mass of 249 kg: a h0 = 0.61 m, b h0 = 0.122 m, and
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The free surface elevations for W1 and W3 models are

also displayed in Fig. 27. The presented results indicate

that there is a minor difference between the free-surface

profiles of W3 model in different conditions. This implies

that when the deadrise angle increases, the variation of the

free surface profile with time becomes less significant. As
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observed and stated earlier, the wedge with larger deadrise

angle experiences smaller acceleration during the early

stage of the penetration, thereby the water pile-up is not

affected lesser in comparison with that of smaller deadrise

angle case.

Finally, it should be noted that the proposed numerical

model has utilized an FVM-based code for solving the

defined problem. This code provides an opportunity to

consider the effect of viscosity in the targeted simulations

which cannot be taken into account by the BEM method.

On the other hand, this method can easily provide the

velocity and pressure contours in the fluid domain, but

through BEM approach, the boundary conditions are con-

sidered to be linear, which can reduce the accuracy of the

solution in predicting the water surface elevation. Although

BEM method can provide a faster simulation of the prob-

lem and may be used for different ship sections through

strip theory, free-surface elevation can be captured much

easier with better accuracy using coupled FVM-VOF

scheme. Furthermore, by adopting this approach, the thin

spray breaking into water drops can also be better modeled.

6 Conclusions

In the current paper, freefall of different wedges into the

water surface is investigated. To analyze the targeted

simulations, the STAR CCM? software is utilized which

applies the FEM based FVM for solving the momentum

and mass continuity equations. Free surface of the water is

modeled using volume fraction approach and HRIC

scheme. Three different wedges of 10�, 20�, and 30�
deadrise angles, respectively, named W1, W2, and W3

models, are studied. Among the three considered wedges,

the W2 model has previously been experimentally studied

and is hereby used for validation purposes.

Main results of the current research include kinematics,

loads, and free surface elevation around the wedge.

Accordingly, vertical acceleration of W2 model is com-

puted and compared against experimental data and good

agreement is achieved. It is further observed that vertical

acceleration of the larger deadrise angle is larger and

diminishes faster. The result of the vertical speed is also

displayed and it is concluded that in similar initial condi-

tion, the speed of larger deadrise angle drops, more rapidly.
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Fig. 26 Free surface elevation around W2 model during freefall from the height of h0 = 0.61 m: a mass of 124 kg and b mass of 249 kg
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Fig. 27 Free surface elevation around a W1 and b W3 models
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After studying the kinematics of the considered wedges,

impact loads and pressure are explored. The computed

impact loads indicate that W1 model, which has the

smallest deadrise angle, has the largest impact force, while

W3 model, which has the largest deadrise angle, has the

smallest impact force. Moreover, it is expectedly observed

that an increase in the initial drop height yields a larger

force. Time histories of the pressure are determined at three

different probes for W2 model. The results indicate that

pressure reaches a maximum value, as the point is dren-

ched, and then immediately drops. As the distance from the

keel increases, this maximum value is reduced. The max-

imum pressure is observed to be larger when the deadrise

angle reduces. Furthermore, larger drop height causes a

larger pressure peak. Afterward, the pressure distribution

over the wedge wall is presented, indicating that as the

wedge penetrates the water more and more, the pressure

coefficient decreases. It is also observed that this decrease

becomes more significant when the dropped height

increases.

Ultimately, the free-surface elevation near the wedge is

computed. Based on the obtained results, as the submer-

gence height of the wedge increases during the freefall, the

pile-up increases. This increase becomes less effective

when the deadrise angle increases.

The provided kinematics, impact loads, pressure coef-

ficients, and free-surface elevation for the wedges of 10�,
20�, and 30� deadrise angles in the current paper can

empower the engineers for efficient design of the structure

of high-speed crafts in more realistic conditions. In future

studies, it is necessary to consider more degrees of freedom

for the wedge that can offer better understanding of the

freefall of wedges, and can provide new information

regarding the impact loads and kinematics of the wedges

when they fall into the water without any restriction in

angular and horizontal directions.
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