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Abstract: Motivated by the application of water-entry problems in the air-drop deployment of a
spherical oceanographic measuring device, the free-fall water entry of a sphere was numerically
investigated by using the transient Reynolds-averaged Navier–Stokes (RANS) method. A convergence
study was carried out, which accounts for the mesh density and time-step independence. The present
model was validated by the comparison of non-dimensional impact force with previous experimental
and numerical results. Effects of parameters, such as impact velocity, radius, and mass of the sphere
on the impact force and the acceleration of the sphere, are discussed. It is found that the peak value of
the non-dimensional impact force is independent of the impact velocity and the radius of the sphere,
while it depends on the mass of the sphere. By fitting the relationship between the peak value of the
non-dimensional impact force and the non-dimensional mass, simplified formulas for the prediction
of peak values of the impact force and the acceleration were achieved, which will be useful in the
design of the spherical oceanographic measuring device.
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1. Introduction

Compared with the slow release of oceanographic measuring devices in water, air-drop deployment
from a ship or a helicopter is simpler and faster, especially in the deep sea. Predicting the impact
dynamics associated with water-entry problems is of fundamental importance in the design of
oceanographic measuring devices which are deployed using air-drop.

Pioneering theoretical work on water entry can be traced back to Von Karman [1] and Wagner [2].
Motivated by seaplane landing problems, Von Karman predicted impact loads of a 2D section by using
the momentum theorem [1]. Wagner refined the model of Von Karman by taking the local rise of the
water surface into consideration [2]. Korobkin presented a rational derivation of several analytical
models, such as the classical Wagner model, the generalized Wagner model, and the Logvinovich
model [3]. The accuracy of these models for the prediction of the hydrodynamic loads was compared
and assessed by Tassin et al. [4].

With the advancement of computer process capability, many computational fluid dynamics (CFD)
techniques have been used to solve complex hydrodynamic impact problems. Stenius et al. simulated
the water entry of 2D flat wedges using an arbitrary Lagrangian–Eulerian (ALE) solver in the commercial
software LS-DYNA [5,6]. This numerical method has been further used to investigate the water impact
of different structures, such as ship sections, by Wang and Guedes Soares [7], curved wedges by
Yu et al. [8], and cones and semi-spheres by Wang and Guedes Soares [9]. Bilandi et al. simulated the
vertical water impact of asymmetric wedges by using the finite volume method in STAR-CCM+ [10].
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Cheng et al. investigated the water entry of a wedge into waves with current effects using a fully
nonlinear higher-order boundary element method [11]. Mirzaii and Passandideh-Fard developed a
numerical algorithm for simulating the interactions between a liquid and a solid object in the presence
of a free surface [12]. The fast-fictitious-domain method was integrated into the volume-of-fluid
(VOF) technique to track the free-surface motion. This numerical method was further applied to
investigate the water entry of a horizontal circular cylinder in the following study [13]. Ahmadzadeh
et al. performed the numerical simulation of a free-falling sphere impacting the free surface of water
by using the coupled Eulerian–Lagrangian (CEL) formulation included in the commercial software
ABAQUS [14]. Abraham et al. investigated the impact force acting on a sphere during early water
entry by using the finite volume method (FVM) method in commercial software ANSYS CFX [15].
Xiao and Zhang performed a numerical investigation on the fall rate of a sea-monitoring probe [16].
The numerical model was validated against experimental data of the water entry of a sphere.

The impact loads acting on the sphere and the acceleration of the sphere are both important aspects
which need to be considered in the design of a spherical device for air-drop deployment. Although the
water entry of a sphere has been discussed in previous studies [15–18], the effects of design parameters
of the spherical device—such as impact velocity, mass, and radius of the sphere—on the impact force
and the acceleration of the sphere have not been thoroughly investigated. The purpose of this study is
to reveal the relationship between the design parameters and relevant aspects, and to provide guidance
for the design of the spherical measuring device.

2. Numerical Model

The transient Reynolds-averaged Navier–Stokes (RANS) method in the commercial code
STAR-CCM+ was used to simulate the water entry of a sphere. The governing equations were
discretized by using the finite volume method. The interface between air and water was captured
using the VOF technique. The motion of the sphere was realized by the overset mesh method. Details
of the numerical model are introduced as follows.

2.1. Governing Equation and Numerical Implement

It is assumed that the fluid is incompressible and there is no temperature variation during water
entry. Then, the continuity equation and the Navier–Stokes (N–S) equations can be written as

∇ · u = 0, (1)

∂u
∂t

+ (u · ∇)u = −
1
ρ
∇p + ν∇2u + F, (2)

where ρ is the fluid density, u is the velocity vector, p is the field pressure, ν is the dynamic viscosity
and F is the volume forces.

The term ν∇2u in Equation (2) carries the information about viscosity and turbulence, and the
shear stress transport (SST) k–ω turbulence model was applied in this study [19]. The VOF algorithm
was applied to the two-phase flow domain, and the motion of the free surface can be tracked by solving
the volume fraction of one phase. The governing equation for the solution of the volume fraction can
be expressed as

∂γ

∂t
+∇ · (γvr) = 0, (3)

where γ is the volume fraction of the air and vr is the transfer velocity. γ = 0 denotes the fluid in the
grid is the water, whereas 0 < γ < 1 means the grid contains both the water and the air.

The water and the air in the computational domain can be regarded as an effective fluid with
variable physical properties. The density and dynamic viscosity of the effective fluid can be expressed as

ρe f f = γρa + (1− γ)ρw, (4)
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νe f f = γνa + (1− γ)νw, (5)

where ρa and νa are the density and dynamic viscosity of the air, respectively, while ρw and νw are the
density and dynamic viscosity of the water, respectively.

The volume fraction was solved by using a high-resolution interface capturing (HRIC) scheme
in the VOF algorithm. In order to obtain the continuous pressure on the interface of the air and the
water, a continuum surface force (CSF) model was adopted. The FVM and semi-implicit method
for pressure-linked equations (SIMPLE) were used to solve the fluid domain during the water entry.
The motion of the free-fall was computed according to Newton’s second law. The motion of the grid
around the sphere was numerically realized by using the overset mesh method, and the transfer of
physical quantities between the overset zone and the background zone was realized by using the linear
interpolation method.

2.2. Fluid Domain and Boundary Conditions

Figure 1 shows the computational domain of the numerical model. The lowest point of the sphere
lies in the static surface of the water at time t = 0. V0 represents the initial vertical velocity of the
free-fall water entry. The dimensions of the domain can be determined by the lengths ba, bc, be, and eb’,
which are 8R, 8R, 3R, and 3R, respectively. R is the radius of the sphere.
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Figure 1. Computational domain.

The surfaces abcd and a’b’c’d’ were set to velocity inlet. Only water is allowed to enter into the
surface abcd, and only air is allowed to enter into the surface a’b’c’d’. The velocities of water and air
in these surfaces were both zero. The surfaces abb’a’, add’a’, bcc’b’, and cdd’c’ were set to pressure
outlet, and the pressure at the outlet is relative pressure P = ρgh, in which ρ is the density of water,
g is the gravity acceleration, and h is the depth of water. The surface of the sphere was set to no-slip
wall. The overset mesh condition was applied to the interface between the background region and
the overset region. The six freedoms of the sphere were activated by using the dynamic fluid body
interaction (DFBI) method.

Figure 2 shows the computational mesh on a plane section. In order to simulate the interaction
between the sphere and the water accurately, fine mesh was assigned to the region where the sphere
may pass.
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3. Discussion on the Numerical Model

3.1. Convergence Study

Careful selection of mesh density and time-step is required for the CFD simulation in water-entry
problems. Figure 3 shows the impact force with three different mesh densities during the free-fall
water entry. F is the impact force of the total sphere, and its positive direction is vertically upward.
The non-dimensional mass m* was introduced to describe the mass of the sphere, and it is defined as
m* = 3 m/(4
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= 1000 kg/m3

is the density of water. R, m*, and V0 were set to 0.15 m, 1.0, 16 m/s in the mesh convergence study,
respectively. The contact angle of the wetting sphere is 90◦. The time-step was set to 2.5 × 10−6 s for
different mesh densities. It can be seen that the impact forces with different mesh densities show good
consistency, even though there were some numerical oscillations in the history of the impact force.
The mesh configuration with medium density was considered to be appropriate for the prediction of
impact force during water entry of the sphere.
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Figure 3. The impact force with different mesh densities during the free-fall water entry of the sphere.

Three time-steps, ∆t = 1 × 10−6, 2.5 × 10−6, and 5 × 10−6 s, were discussed in the time-step
convergence study. The mesh configuration with medium density was chosen. V0 was set to 16 m/s.
The other parameters of the sphere were the same as those in the mesh convergence study. As shown
in Figure 4, the results of different time-steps show good convergence.
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As shown in Figure 5, the values of convective Courant number near the sphere are less than
one during the water entry, which indicates that time-step 2.5 × 10−6 s is an appropriate choice for
the impact velocity V0 = 16 m/s. There is no doubt that a greater impact velocity requires a smaller
time-step to capture the details of the flow field during water entry. For other impact velocities,
the time-step was set to ensure that the value of V0∆t was less than 4 × 10−5 m (2.5 × 10−6 s × 16 m/s).
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3.2. The Effect of the Contact Angle

The surface tension force is considered in the simulation of the water entry by using the CSF
approach. The effect of the solid wall on the surface tension force is usually described as the contact
angle θ. Figure 6 shows the impact force with three different contact angles during the free-fall water
entry. The time-step was set to 2.5 × 10−6 s. The mesh configuration with medium density was chosen.
R, m*, and V0 were set to 0.15 m, 1.0, and 16 m/s, respectively. As shown in Figure 6, the impact force
with different contact angles are in good agreement, which means the variation of the contact angle has
little effect on the impact force during early water entry. Therefore, the contact angle was set to 90◦ in
the following simulation.
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3.3. Validation

The present model was validated by the comparison of non-dimensional impact force with
previous experimental and numerical results, as shown in Figure 7. The non-dimensional impact force
CS is defined as Cs = 2F/ρπR2V0

2, where F is the total impact force and V0 is the initial velocity. V0 is
replaced by V for the constant-velocity water entry. The non-dimensional penetration depth is defined
as D* = D/R, where D is the instantaneous penetration of the sphere below the calm water. The mesh
configuration with medium density was chosen. The time-step was set to 2.5 × 10−6 s. The impact
velocity V was constant at 16 m/s. R was set to 0.15 m. The comparison showed that the vertical force
simulated by the present model agrees reasonably well with the experimental data of Nisewanger [20]
and Baldwin and Steves [21], and the numerical result by Xiao and Zhang [16]. Thus, our numerical
model is capable of simulating hydrodynamic force acting on the sphere during water entry.

J. Mar. Sci. Eng. 2019, 7, x FOR PEER REVIEW 6 of 14 

 

The surface tension force is considered in the simulation of the water entry by using the CSF 
approach. The effect of the solid wall on the surface tension force is usually described as the contact 
angle θ. Figure 6 shows the impact force with three different contact angles during the free-fall water 
entry. The time-step was set to 2.5 × 10−6 s. The mesh configuration with medium density was chosen. 
R, m*, and V0 were set to 0.15 m, 1.0, and 16 m/s, respectively. As shown in Figure 6, the impact force 
with different contact angles are in good agreement, which means the variation of the contact angle 
has little effect on the impact force during early water entry. Therefore, the contact angle was set to 
90° in the following simulation. 

 
Figure 6. The impact force with different contact angles during the free-fall water entry of the 
sphere. 

3.3. Validation 

The present model was validated by the comparison of non-dimensional impact force with 
previous experimental and numerical results, as shown in Figure 7. The non-dimensional impact 
force CS is defined as 2

0
2/2 VρπRFCs = , where F is the total impact force and V0 is the initial velocity. 

V0 is replaced by V for the constant-velocity water entry. The non-dimensional penetration depth is 
defined as D* = D/R, where D is the instantaneous penetration of the sphere below the calm water. 
The mesh configuration with medium density was chosen. The time-step was set to 2.5 × 10−6 s. The 
impact velocity V was constant at 16 m/s. R was set to 0.15 m. The comparison showed that the vertical 
force simulated by the present model agrees reasonably well with the experimental data of 
Nisewanger [20] and Baldwin and Steves [21], and the numerical result by Xiao and Zhang [16]. Thus, 
our numerical model is capable of simulating hydrodynamic force acting on the sphere during water 
entry. 

 
Figure 7. The comparison of non-dimensional impact force between the present method and the
previous experimental and numerical results.



J. Mar. Sci. Eng. 2019, 7, 122 7 of 14

4. Discussion of the Design Parameters

In the design of a spherical device for air-drop deployment, the impact loads acting on the sphere
can threaten the safety of the housing structure, and the acceleration of the sphere can affect the work
of internal sensors. In this section, the effects of the design parameters—namely impact velocity, radius,
and mass of the sphere—on the impact force and the acceleration of the sphere are studied. To better
study the effect of each parameter, only one parameter was varied at a time, while the other parameters
were kept constant.

4.1. The Effect of the Impact Velocity

The initial impact velocity between the sphere and the water surface will change at different
deployment heights. The vertical free-fall water entries with three different initial impact velocities
were simulated. The time histories of the impact force and the acceleration of the sphere are shown in
Figures 8 and 9. The radius of the sphere, R, is 0.15 m. The non-dimensional mass of the sphere m∗ is
equal to 1.0.
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It can be seen that the peak values of the impact force and the acceleration increase with an
increase in impact velocity. For a larger impact velocity, the impact force and the acceleration rise
and fall faster. Figure 10 shows the relationship between the non-dimensional impact force and the
non-dimensional penetration. The results of different impact velocities show very good consistency
and the change of the non-dimensional impact force depends on the penetration of the sphere.
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Figure 11 shows the pressure contours of different time instants. V0 was set to 16 m/s. In the
initial stage of the water entry, the maximum pressure was located near the spray root of the water
surface. With the fall of the sphere, the pressure values drop quickly, and the maximum pressure
moves towards the lower part of the bottom surface.
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4.2. The Effect of the Radius

In the design process, the radius of the sphere will be increased when the required installation
space of the equipment inside the device increases. The vertical free-fall water entries of the sphere
with four different radii are simulated. The time histories of the impact force and the acceleration of
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the sphere are shown in Figures 12 and 13. The initial velocity is 12 m/s. The non-dimensional mass of
the sphere m∗ is equal to 1.0.
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It can be seen that the peak value of the impact force increases with an increase in radius, while
the peak value of the acceleration decreases with an increase in radius. Figure 14 shows that the
history of the non-dimensional impact force is independent of the radius of the sphere. According
to the definition of the non-dimensional impact force Cs = 2F/ρπR2V0

2, the impact force is linearly
proportional to the square of the radius of the sphere for the same non-dimensional penetration and
initial velocity. Based on Newton’s second law, the acceleration of the sphere can be expressed as
a = F/m − g = 3CsρV0

2/8Rm ∗ −g, where g is the acceleration of gravity. It can be seen that the
acceleration of the sphere is inversely proportional to the radius of the sphere, which leads to the
sphere with larger radius experiencing a smaller acceleration, as shown in Figure 13.
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4.3. The Effect of the Mass

In the design process, the mass of the sphere will be changed when the number of the equipment
inside the device increases or decreases. The vertical free-fall water entries of the sphere with different
masses were simulated. The radius of the sphere, R, is 0.15 m. The initial velocity is 12 m/s.

Figure 15 shows the time history of the impact force acting on the sphere with different masses.
It can be seen that the impact force increases with an increase in mass. The difference of the impact
force between m∗ = 0.8 and m∗ = 1.0 is obviously smaller than that between m∗ = 0.2 and m∗ = 0.4,
which shows that the influence of the variation of mass on the impact force becomes weaker with an
increase in mass. For the same impact velocity, the sphere with smaller mass has smaller momentum,
and the velocity of the sphere decreases faster, as shown in Figure 16. Hence, the impact interaction
between the sphere and water is weakened with a decrease in mass.
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Figure 17 shows that the acceleration of the sphere increases with the decrease in the mass.
From the expression of the acceleration a(t) = F(t)/m− g, it can be seen that the acceleration of the
sphere is proportional to the impact force acting on the sphere, and inversely proportional to the
mass of the sphere. Although the decrease in mass can reduce the impact force acting on the sphere,
the comprehensive effect of the impact force and the mass can lead to an increase in the acceleration of
the sphere. As shown in Figure 18, the influence of the mass on the non-dimensional impact force is
the same as that on the impact force, which is consistent with the definition of the non-dimensional
impact force Cs = 2F/ρπR2V0

2.
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4.4. Simplified Formulas for the Prediction of Peak Values

The peak values of the impact force and the acceleration correspond to the maximum requirement
in the design of the device. Based on Newton’s second law, the expression of the acceleration
a(t) = F(t)/m− g. Then, it can be seen that the peak values of the impact force and the acceleration
should appear at the same time for a certain sphere, and the acceleration can be calculated when the
impact force is determined.

From the above discussion, it can be seen that the peak value of the non-dimensional impact
force is independent of the impact velocity and the radius in the concerned design parameter
range (0.15 m ≤ R ≤ 0.60 m and 12 m/s ≤ V0 ≤ 20 m/s), but is influenced by the mass of the sphere.
The relationship between the peak value of Cs and the non-dimensional mass is fitted with a polynomial,
as shown in Figure 19 and the expression is

Csm = 2.3576m ∗5 −7.749m ∗4 +10.068m ∗3 −6.6608m ∗2 +2.4633m ∗+0.4629
(0.15 m ≤ R ≤ 0.60 m, 12 m/s ≤ V0 ≤ 20 m/s and 0.2 ≤ m∗ ≤ 1.0),

(6)

where Csm is the peak value of Cs.
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Then, when the initial velocity, the radius, and the mass of the sphere are given in the design
of the spherical measuring device for air-drop deployment, the peak values of the impact force and
acceleration can be calculated in the following equations.

Fm = ρCsmπR2V0
2/2 (7)

am = Fm/m− g (8)

where Fm and am are the peak values of the impact force and the acceleration, respectively.

5. Conclusions

The free-fall water entry of a sphere was numerically investigated by using the transient
RANS method. Convergence study is carried out, which accounts for the mesh density and
time-step independence, and the appropriate selection of the mesh density and the time-step for the
water-entry simulation of the sphere is achieved. The present model is validated by the comparison of
non-dimensional impact force with the experimental data by Nisewanger (1961) and Baldwin and
Steves (1975), and the numerical result by Xiao and Zhang (2012). Then, the effects of parameters such
as impact velocity, radius, and mass of the sphere on the impact force and the acceleration of the sphere
were studied by using the validated model and the following conclusions were drawn:
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(1) The sphere with higher impact velocity experienced a larger impact force and larger
impact acceleration.

(2) The sphere with a larger radius experienced a larger impact force and smaller impact acceleration.
(3) By selecting the impact velocity and the radius of the sphere to make the impact force

non-dimensional, the contribution of the impact velocity and the radius to impact force was
eliminated. It was found that the non-dimensional impact force is independent of the impact
velocity and the radius of the sphere.

(4) With an increase in the mass of the sphere, the impact force acting on the sphere decreased, but the
acceleration of the sphere increased. The influence of the variation in mass on the impact force
and the acceleration became weaker with an increase in mass.

(5) Simplified formulas for the prediction of the peak values of the impact force and acceleration
were achieved by fitting the relationship between the peak value of the non-dimensional impact
force and the non-dimensional mass. These formulas will be useful in the design of the spherical
measuring device for air-drop deployment.
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