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A B S T R A C T   

There is a lack of considerations on water entry problems of inclined cylinders with the same mass, which is 
important to practical engineering problems such as hydrodynamic performance optimization. Therefore, this 
work focuses on the effects of diameter-length ratio and water entry angles on the hydrodynamic forces on 
cylinders with the same mass. A numerical model for the water entry of inclined cylinders is developed. A novel 
dynamic sliding mesh method is implemented in OpenFOAM based on the coupling of the sliding mesh and mesh 
morphing methods. A spring-like mesh motion strategy is proposed. The major advantages of this self- 
implemented mesh handling method are on accommodation of the large amplitude of the six degree-of- 
freedom motion of a cylinder (rigid body) and the preservation of the mesh non-orthogonality. By comparing 
with a laboratory study and another numerical simulation, the proposed numerical model shows a good con-
sistency. The effects of the aforementioned parameters on the pressure forces and cylinders’ motions are 
investigated. A dimensional analysis is conducted to find the correlation between the maximum vertical pressure 
force and various parameters. An equation is proposed with a good agreement with the numerical results, which 
can provide references for practical water entry problems. The developed model can also be used in the simu-
lations of more complicated water entry scenarios and ship hull slamming.   

1. Introduction 

Water entry of objects is a common physical process in coastal and 
ocean engineering, e.g. the release of lifeboats (Ma et al., 2018), landing 
of seaplanes (Barjasteh et al., 2016) and the recovery of spacecrafts 
(Seddon and Moatamedi, 2006). The research of water entry problems 
plays an essential role in structure designs and trajectory predictions 
(Yan et al., 2009; Xia et al., 2020). However, water entry problems 
involve complex physical phenomena, such as the violent fluid-structure 
interaction (Cooker and Peregrine, 1995) and complicated air cavity 
dynamics (Sun et al., 2021). Water entry problems still have not been 
fully understood since some pioneer works were conducted at the early 
stage (e.g. Worthington and Cole, 1897; von Karman, 1929; Wagner, 
1932). 

Water entry of a cylinder always attracts attentions from a large 
number of researchers and engineers, as this simple geometry can pro-
vide reference for structures such as the projectile and the underwater 
vehicle in practical engineering problems. For horizontal and vertical 
cylinders impacting into water, there have been a number of studies, e.g. 

Greenhow and Lin (1983), Sun and Faltinsen (2006), Zhu et al. (2007), 
Sun et al. (2018) and Xiang et al. (2020). In recent years, the water entry 
of inclined cylinders gradually gains increasing considerations, due to its 
unique characteristics in hydrodynamics such as the asymmetric pres-
sure distribution and cavity evolution as highlighted in Wei and Hu 
(2015) and Sun et al. (2021). 

One research focus on the water entry of inclined cylinders is on the 
resultant flow field. Wei and Shi (2012) first experimentally investigated 
the cavitation shape during the water entry of inclined cylinders. The 
evolution of cavity during water entry was further studied in Wei and Hu 
(2014, 2015). Hou et al. (2018) applied both numerical and experi-
mental methods to simulate the water entry of an inclined cylinder. The 
focus was on the cavity evolution under the conditions of different water 
entry angles. Liu et al. (2020) numerically examined the evolution of 
vortex characteristics when the inclined cylinder impacts into water at a 
constant initial water entry angle, where a secondary closure process 
was identified in the high-speed water entry process. Another research 
focus of the water entry of inclined cylinders is on the hydrodynamic 
force and cylinders’ motions. Wei and Hu (2015) calculated the drag and 
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lift forces based on the measured accelerations. The effect of the water 
entry angle on these forces’ coefficients were investigated. Iranmanesh 
and Passandideh-Fard (2017) conducted a series of numerical simula-
tions to investigate the effect of different parameters (i.e. the cylinder 
diameter, length, density and the water entry velocity) on a cylinder’s 
penetration depth after impacting into the water body. Nguyen et al. 
(2021) proposed a new numerical model by adopting the Tait equation 
of state as the governing equation. This model was then used to study the 
effect of the impact velocity and cylinder density on the cylinder’s 
motion. 

However, although the parameters, such as the water entry angle and 
cylinder length and diameter, were considered in the above studies, 
these parameters were varied independently. It appears that no studies 
have focused on the effects of the aforementioned parameters on the 
hydrodynamic forces and motions of cylinders with the same mass. 
However, in some practical engineering applications such as the opti-
mization of the structure’s hydrodynamic performance, the mass of 
object is already given or limited to a certain value as illustrated in Liang 
et al. (2016), Rodríguez et al. (2020) and Zhang et al. (2020). To address 
the lack of considerations on the parameters’ effect on cylinders with the 
same mass, numerical simulation is a relatively suitable approach, given 
that theoretical analysis has still been limited in simplified and idealised 
water entry problems; and laboratory tests may require large expenses to 
simulate the water entry of cylinders with various parameters. 

Based on current numerical methods capable of simulating water 
entry problems with a large motion amplitude of the falling cylinder, the 
commonly used methods include the overset grid method (OGM), 
smooth particle hydrodynamics (SPH) and mesh morphing method. 
Given that OGM requires certain overlapping areas between different 
meshes, it increases the complicity in creating meshes. Moreover, it 
requires some computational resources to recognise and evaluate the 
boundary of the solid body. SPH is computationally expensive when 
simulating three-dimensional problems. The mesh morphing method, in 
contrast, possesses relative advantages on mesh generation and 
computational expense. It is usually coupled with the sliding mesh 
approach, as demonstrated in e.g. Jasak (2009) and Liu et al. (2017), in 
order to simulate six degree-of-freedom (DoF) motion of the object. 
However, this approach can only accommodate relatively small motion 
amplitude, as the large displacement can still lead to largely deformed 
mesh cells, resulting in computation divergence. Although some topo-
logical change methods can solve this problem, the efficient algorithm 
for general topological changing situations is still lacking. 

In this work, a novel dynamic sliding mesh method is proposed and 
implemented within the framework of the widely used open source 
computational fluid dynamic code OpenFOAM. A numerical model will 
be set up to simulate the water entry of inclined cylinders. This paper is 
structured as follows. Details of the numerical model are given in Section 
2, including the governing equations, the newly implemented mesh 
handling method as well as the numerical setup. Section 3 provides the 
results of the numerical simulations and the relevant discussion, which 
is followed by the conclusions drawn in Section 4. 

2. Numerical model 

The modelling of water entry of an inclined cylinder is developed 
based on the multiphase flow solver interFoam and a self-implemented 
dynamic mesh handling class sixDoFAMI in OpenFOAM version 7. The 
cylinder is assumed to be a rigid body in this work. The governing 
equations for the multiphase flow will be given in this section, which is 
followed by the description of the novel dynamic mesh method and the 
numerical setup. 

2.1. Governing equations 

The water entry process involves violent two-phase flow, requiring 
the turbulence model and the interface tracking method. In this 

numerical modelling, the two-phase (water and air) flow is assumed to 
be incompressible and immiscible. For tracking the interface between 
the two phases, the Volume of Fluid method is adopted. In this method, 
the phase fraction is introduced to denote the water volume accounted 
for a cell. In order to capture the turbulent flow characteristics, the 
Reynolds Averaged Navier-Stokes (RANS) equations with the Shear 
Stress Transportation (SST) k - ω model as the closure are solved. This 
SST k - ω model possesses advantages on the simulation of both free 
surface and boundary flows (Nguyen et al., 2020). It has been applied in 
a number of numerical simulations of water entry problems, as 
demonstrated in e.g. Liu et al. (2020), Moradi et al. (2021) and Sun et al. 
(2021). 

The governing equations for the multiphase flow are thus given as: 
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In Eqs. (1) and (2), ⋅ is the averaged operator, ui (i = 1, 2, 3) the fluid 
velocity consisting of the mean ui and the fluctuating fluid velocity u′

i, xi 

the coordinate component in each direction, ρ the fluid density and p 
denotes the fluid pressure. The effective dynamic viscosity μeff is the sum 
of the turbulent μt and fluid dynamic viscosity μ. The variable gi denotes 
the gravitational acceleration and fτ = σsκ∂α/∂xi is the surface tension 
force where σs is the surface tension coefficient, κ the curvature at the 
interface and α (0 ≤ α ≤ 1) is the phase fraction. Equation (3) is a 
transport equation for updating the interface at each time step. The third 
term on the left-hand side of Eq. (3) is an artificial compression term 
added to obtain a sharp interface between the two phases, where c de-
notes the interface compression coefficient. Note that for the air-water 
interface, ρ and μ should be evaluated using α by ρ = αρw + (1 − α)ρa 

and μ = αμw + (1 − α)μa, respectively. The term ρu′

iu
′

j in Eq. (2) is 
Reynolds stress tensor and it is obtained based on Boussinesq’s 
hypothesis 
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where δij is Kronecker delta function, μt and the turbulent kinetic k are 
calculated by the following equations: 
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In Eqs. (5) to (7), k = 3(u′

i I)
2
/2 with I= 0.05 denoting the turbulent 

intensity, ω = k0.5/l turbulent dissipation rate, β*= 0.09 and σω2= 0.856 
are the constants. The variable F1 denotes a blending function used to 
calculate the remaining constants σk, σω and γ (Menter et al., 2003). 

2.2. Dynamic mesh handling method 

In order to accommodate the large amplitude of the six DoF motion 
of the falling cylinder impacting into water, a dynamic sliding mesh 
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handling method has been implemented. For the achievement of the 
translation and rotation of the moving cylinder, the computational 
domain is divided into two different meshes (Fig. 1), namely the sliding 
and outer meshes. The body-fitted sliding mesh contains the moving 
cylinder. The grid points move with the falling cylinder and perform 
both translation and rotation, i.e. the mesh points have no motion 
relative to the cylinder. Moreover, the centre of the sliding mesh remains 
the same location as the centre of rotation (CoR) of the cylinder during 
the mesh movement. Note that the cylinder’s CoR is the same as its 
centre of mass (CoM) in the numerical simulation. Therefore, for points 
within the sliding mesh, each point’s displacement Δxi = (Δxi, 1, Δxi, 2, 
Δxi, 3) is 

Δxi =Δxc + ri × ω, (8)  

where Δxc = xc − xc0 is the displacement of the CoM of the sliding mesh, 
with xc and xc0 being the location vector of CoM at the current and initial 
moments in time, respectively. The vector ri points from each grid point 
to the CoM and ω denotes the angular velocity vector of the cylinder 
(Fig. 1). In this work, xc and ω are obtained by the introduced six DoF 
motion solver in sixDoFAMI. 

The outer mesh is the remaining area of the computational domain. It 
only undergoes the mesh morphing depending on the location of the 
sliding mesh. For accommodating the large displacement of falling 
cylinders in the computational domain, a spring-like mesh motion 
strategy is proposed. The outer mesh is divided into two zones, namely 
the transition and mesh motion zones, as shown in Fig. 1. Each zone has 
its own mesh movement strategy. For points in the translation zone 
within the outer mesh, Δxi = Δxc. For points in the mesh motion zone, 
Δxi is obtained by 

Δxi,j =
df ,j − max

( ⃒
⃒riej

⃒
⃒, dn,j

)

df ,j − dn,j
Δxc,j. (9)  

In Eq. (9), the subscript j (j = 1, 2, 3) denotes the component of vectors 
along each axis. The variables df ,j and dn,j are the distances between the 
cylinder’s CoM to the closer outer boundary of the entire computational 
domain and to the closer transition zone boundary, respectively, along 
each axis (as shown in Fig. 1). The unit vector along each axis is 
expressed as ej. By using this spring-like mesh motion strategy, the to-
pologies of the sliding and outer meshes remain identical as the cylinder 
moves in the domain, respectively. The allowed motion amplitude of the 
cylinder is significantly increased. Compared with the commonly used 
approach that solves the Laplace equation to move the grid points, this 
mesh motion strategy is relatively simple and efficient. Additionally, the 
non-orthogonality of the mesh does not change in each mesh such that 
the numerical errors caused by this can be avoided. 

The communication of the field data between the sliding and outer 
meshes is achieved by the sliding interface technique proposed by 
Beaudoin and Jasak (2008). Fig. 2 shows the main concepts in this 
method. The face area weighted method is utilised to evaluate the cells 
from one side to the other. Here, as a simple example, the evaluation of 
the variable φi in cell i in the outer mesh (Fig. 2) is given as below: 

φi =
∑

k
wjkφjk = wj0φj + wj1φj+1, (10)  

where k denotes the number of the cells within the sliding mesh that 
intersects with the cell i, the weightings wjk (0 < wjk < 1) are the frac-
tions of each intersected face’ area accounted for the bottom face area of 

Fig. 1. Illustration of the computational domain consisted of the sliding mesh and the outer mesh.  

Fig. 2. Illustration of the main concepts in the sliding interface approach.  
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cell i. 

2.3. Numerical setup 

A Cartesian coordinate as shown in Fig. 3 is established to describe 
the computational domain for simulating the water entry of inclined 
cylinders. The origin is located at the CoR of the cylinder, with the z-axis 
pointing vertically upwards and the directions of the x- and y-axes 
following the right-hand rule. The entire domain is symmetric about the 
xz and yz planes (Fig. 3). The determinations of the computational 
domain and the cylinder dimensions are referred to some laboratory 
tests (Wei and Hu, 2014; 2015) and numerical simulations (Liu et al., 
2020; Sun et al., 2020). The length, width and height of the domain are 
2.0 m, 1.2 m and 1.8 m, respectively. The water entry angle of the cyl-
inder θ0 is defined as the angle between the xy plane and the axis of the 
cylinder as shown in Fig. 3. The water surface elevation is set as 
approximately 0.005–0.010 m below the cylinders in all cases. 

The flowchart of the remaining numerical setup process is shown in 
Fig. 4. The sliding mesh (within the green contour in Fig. 3) is generated 
first without the cylinder, by blockMesh. This step is followed by the 
generation of the body-fitted mesh for the cylinder using 

snappyHexMesh, a mesh generation utility provided in OpenFOAM. The 
outer mesh is created subsequently by using blockMesh again, after 
which the two meshes are merged by mergeMeshes. Note that the dy-
namic mesh handling class (sixDoFAMI) described in Section 2.2 re-
quires the division of the transition and mesh motion zones in the outer 
mesh, prior to the simulation. These two zones are first marked as 
different cell zones at the mesh generation stage. After using the utility 
setSet to convert cell zones to face zones, and then to point zones, the 
grid points can finally be handled by sixDoFAMI. Subsequently, before 
executing the solver, the boundary condition of the sliding interface 
needs to be specified. 

3. Results and discussion 

The results of the convergence tests are given first in this chapter, 
together with the model validation. In Sections 3.2 and 3.3, the results of 
the cases with different length to diameter ratios and water entry angles 
are presented and discussed, the focus is on the effects of the above 
parameters on cylinder’s hydrodynamic force and motion. An empirical 
equation is then proposed to quantify the effects of various parameters 
on the hydrodynamic force of water entry of the inclined cylinders in 
Section 3.4. 

3.1. Convergence tests and validation 

The convergence tests were carried out based on the experimental 
setup in Wei and Hu (2015). Five combinations of the resolutions of the 
sliding and outer meshes were chosen. After applying snappyHexMesh 
for generating the body-fitted mesh of the cylinder, the total numbers of 
cells in the computational domain were 1.43, 2.12, 2.57, 4.27 and 5.34 
million, respectively. The cylinder dimensions (the length L and the 
diameter D) were 200 mm and 50 mm. The cylinder density ρs was 900 
kg/m3 and its mass ms was approximately 0.353 kg. In the convergence 
test case, the inclined cylinder entered into water with an initial vertical 
velocity V0 = 6.11 m/s and a water entry angle θ0 = 55.6◦. The cylinder 
performed free-fall motion under its gravity after the simulation starts. 

The snapshots of the numerical water entry of the inclined cylinder at 
the selected moments in time are shown in Fig. 5, together with the 
corresponding mesh movement. The origin of time t is defined as the 
moment when the cylinder starts to interact with the water body. At t =
1 ms, the cylinder has intruded into the water surface. With the falling 
cylinder pushes the surrounding water, an air cavity is formed at t = 25 
ms. With the continuous falling and rotation of the cylinder, more 
cavities are created and then pinches off (t = 150 ms). The cylinder 
rotates to the vertical position and tends to float back towards the water 
surface at t = 1000 ms due to its lower density than water. Further, 

Fig. 3. Sketch of the computational domain.  

Fig. 4. Flowchart of the numerical setup for the water entry of the inclined cylinder.  
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regarding the mesh movement in Fig. 5, it can be seen that the newly 
implemented dynamic sliding mesh handling method can accommodate 
the large amplitude of the cylinder’s displacement. The grid orthogo-
nality can be retained with the moving cylinder such that a good quality 
of mesh is preserved during the entire simulation. 

The comparison of snapshots of the present numerical simulation 
with the laboratory test conducted by Wei and Hu (2015) is shown in 
Fig. 6. The numerical simulation generally agrees with the laboratory 
observation. At t = 2 ms, the cylinder intrudes the water surface. During 
the ongoing process of water entry, flow separation occurs (t = 13 ms). 
At t = 36 ms, a cavity above the CoR of the cylinder is formed and 
continues to grow (t = 53 ms). However, during the entrire water entry 
process of the inclined cylinder, the splashes and the thin water films 
observed in the laboratory test cannot be numerically reproduced. This 
is because the chosen resolution is not small enough to simulate these 
phenomena. Nevertheless, the numerical simulation has a good agree-
ment with the laboratory test on the evolution of the cavity shape such 
as the formation and the growth. 

Fig. 7 presents the vertical velocity of the cylinder with different grid 

resolutions, along with the results from another numerical study Nguyen 
et al. (2021). All the present numerical results agree well with the lab-
oratory measurements, even for the coarsest resolution case. Compared 
with the laboratory results, the present numerical velocity has a 
maximum deviation of about 0.17 m/s, which is 2.8% of the initial water 
entry velocity. This demonstrates that the proposed numerical model-
ling is capable of simulating the water entry of the inclined cylinder. 
Given that increasing the resolution (higher than 2.57 million cells) does 
not improve the results significantly, i.e. the results are converged, the 
mesh with 2.57 million cells was thus chosen for further simulations in 
this work. 

The time history of the relative vertical pressure force Fpz and the 
cylinder’s angular velocity is shown in Fig. 8, along with the comparison 
with those in Wei and Hu (2015) and Nguyen et al. (2021). A good 
agreement is obtained on the maximum vertical pressure force Fpz,m 
between the present result and that in Nguyen et al. (2021), with a de-
viation of 5.8%. The second peak in Fig. 8(a) is due to the cavity impact 
(Sui et al., 2021; Wang and Soares, 2020). Since the chosen resolution is 
not high enough to capture the cavity evolution accurately, the second 

Fig. 5. Snapshots of water surface and the mesh movements in the case with a total cell number of 2.57 million at t = 1, 25, 150 and 1000 ms.  
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peak of the impact load may be underestimated. For the angular ve-
locity, the present numerical result generally agrees with the laboratory 
measurement, especially in the maximum value. The above comparisons 
further illustrate that the proposed numerical model can reasonably well 
reproduce the water entry of the inclined cylinder under the chosen 
resolution (2.57 million cells). 

3.2. Effect of diameter-length ratio 

For a given mass of a cylinder, various ratios of diameter to length D/ 
L can result in the different hydrodynamic forces, thus affecting the 
motion of the cylinder (the velocity and the trajectory). In this section, 7 
different D/L were considered. All the cylinders had the same density (ρs 
= 900 kg/m3) and impacted into the water at three different water entry 
angles (θ0 = 30.0, 40.0, 55.6◦). The dimensions of the cylinders together 
with the parameters of the cases’ setup are listed in Table 1. The nu-
merical simulations were conducted on a High Performance Computing 
cluster. By using 40 cores, each case took approximately 10 h to 

complete the simulation of 1.0 s of the water entry process. 
Fig. 9 shows the time series of the numerical pressure force compo-

nents (vertical Fpz and horizontal Fpx) under the conditions of different 
D/L for each θ0. The component Fpz always points upwards, while Fpx can 
vary in directions during the entire water entry process. The magnitude 
of Fpz is generally larger than that of Fpx for each θ0, i.e. Fpz is the 
dominated hydrodynamic force during the water entry. Compared with 
Fpz, Fpx tends to become zero with the continuous falling of the cylinder, 
while Fpz tends to stabilise at a certain value. For the maximum vertical 
pressure force Fpz,m, it is found that increasing D/L can lead to larger Fpz, 

m. This is relevant to the slamming area formed by the cylinder impacts 
into the water surface. Distributions of the water pressure fields of the 
selected cases at θ0 = 55.6◦ at the cross-section y = 0 when Fpz,m occurs 
are shown in Fig. 10. Except from the D/L = 0.054 case where the Fpz,m is 
achieved when a large part of the cylinder is submerged in the water, Fpz, 

m in the remaining cases generally appears when the cylinder’s bottom 
face is nearly wetted. For the D/L = 0.054 case, the pressure on the 
cylinder’s side surface is larger than that on its bottom face. In contrast, 

Fig. 6. Snapshot series of the numerical simulation (the case with 2.57 million cells) at t = 2, 13, 36 and 53 ms, together with the laboratory observations at the 
corresponding moments (adapted from Wei and Hu, 2015). 

Fig. 7. Time history of the vertical velocity of the falling cylinder in the convergence tests.  
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Fpz,m in other D/L cases is mainly contributed by the pressure on the 
bottom face. Therefore, for cases where the high pressure zone forms on 
the cylinder’s bottom, a higher D/L indicates a larger D (for cylinders 
with the same mass) and can result in a larger Fpz,m. 

Further, regarding the cases with D/L less than 0.432, two peaks of 
Fpz are observed. This may be due the sudden change in pressure during 
the evolution of air cavities (Greco et al., 2009; Sun et al., 2021). For the 
peak Fpz values, the first peak in each case is lower than the second one at 
θ0 = 30.0 and 40.0◦ (Fig. 9a) and b). While the first peak is larger at θ0 =

55.6◦, the second peaks reach approximately the same value (28.00 N) 
as shown in Fig. 9(c). 

The velocities of the falling cylinders with different D/L are shown in 
Fig. 11. The time series of the vertical velocity show a similar trend for 
each θ0. Since the higher D/L causes a larger Fpz, the cylinder with a 
higher D/L moves slower than that with a lower D/L at the beginning. 
Note that Fpz,m corresponds to a lower D/L occurs at a later moment in 
time, i.e. the cylinder with lower D/L decelerates later. Thus, the de-
viations among the vertical velocities of cases with different D/L then 
become smaller. For the horizontal velocity, its maximum magnitude 
decreases with the growing D/L. When D/L is less than 0.432, the 

direction of horizontal velocity generally remains the same (along the 
negative direction of the x-axis), while the direction may vary when D/L 
is higher than 0.432 as illustrated in Fig. 11(b) and (c). 

Noting that all the inclined cylinders will theoretically become 
horizontal to reach the final equilibrium, only the time range of the first 
0.16 s was selected to compare the rotation angle Δθ. The time histories 
of the rotation angles during water entry of the inclined cylinders among 
different D/L and θ0 are shown in Fig. 12. At t = 0.16 s, Δθ increases with 
the increasing D/L in the cases with θ0 = 30.0◦, as shown in Fig. 12(a). 
By comparison, Δθ at t = 0.16 s increases first and then decreases after a 
specific value, with the growing D/L ratio in the θ0 = 40.0◦ and 55.6◦

cases. This is because that the cylinder with large D/L has a small Iy, 
indicating that its ability to resist the rotation is relatively weak. When 
D/L exceeds a certain value, the decreased L results in a reduced torque 
and thus a smaller Δθ. Further, this certain value may be related to θ0. 
The reason why the θ0 = 30.0◦ cases show the different trending may be 
due to that D/L does not reach that value. 

3.3. Effect of water entry angle 

In this section, numerical results of the cases with different θ0 are 
presented and the effect of θ0 on the pressure force is discussed. Since Fpz 
is larger than Fpx in all cases, Fpz is dominant in the cylinder’s motion. 
Therefore, it will be focused on in the remaining sections of this work. 
Note that there are slight numerical oscillations shown in the time series 
of Fpz (Fig. 9). In order to reduce the influence of the numerical oscil-
lation on Fpz,m, a moving average filter was applied in MATLAB to filter 
Fpz, in consideration of its simplicity and ease of use. After several tests, a 
window width of 10 was chosen to reduce the oscillations. The filtered 
Fpz was used for the following data processing in this work. Fpz,m versus 
different D/L at three θ0 is presented in Fig. 13. It is found that θ0 affects 
Fpz,m and the effect of θ0 depends on D/L. For 0.054 ≤ D/L ≤ 0.686, 
larger increases of Fpz,m between the two neighbouring D/L occur with 
θ0 = 55.6◦ than those with other θ0. When D/L is greater than 0.128, the 
cases with θ0 = 40.0◦ have the smallest Fpz,m. 

In order to further investigate the effect of θ0 on the vertical pressure 
force on the cylinder, three additional θ0 were considered, i.e. there are 
θ0 = 10, 20, 30, 40, 55.6 and 78.4◦ in total. These cases were run with D 
= 50 mm, L = 200 mm, ρs = 900 kg/m3 and V0 = 6.11 m/s. The 
remaining numerical parameters were the same as those in Section 3.2. 
Fig. 14 shows Fpz,m at each θ0. It is observed that Fpz,m decreases with the 
increasing θ0 first and then increases. There may be a θ0 resulting in the 

Fig. 8. Comparison of the present results with other work: (a) Relative vertical pressure force versus dimensionless time and (b) time series of angular velocity during 
the water entry. 

Table 1 
Parameters in the numerical setup for the water entry of the inclined cylinder.  

Diameter D 
(mm) 

Length L 
(mm) D/L 

Moment of 
Inertia about 
y-axis 

Water 
entry 
velocity 

Water entry 
angle θ0 (◦) 

Iy (kg•mm2) V0 (m/s) 

30.00 555.56 0.054 9110 6.11 30.0, 40.0, 
55.6 

35.00 408.16 0.086 4934 6.11 30.0, 40.0, 
55.6 

40.00 312.50 0.128 2912 6.11 
30.0, 40.0, 
55.6 

45.00 246.91 0.182 1840 6.11 
30.0, 40.0, 
55.6 

50.00 200.00 0.250 1233 6.11 
10.0, 20.0, 
30.0, 40.0, 
55.6, 78.4 

60.00 138.89 0.432 648 6.11 
30.0, 40.0, 
55.6 

70.00 102.04 0.686 415 6.11 
30.0, 40.0, 
55.6  
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minimum Fpz for a certain D/L ratio. 
Fig. 15 presents the pressure field distributions of these cases with 

different θ0. When θ0 is less than 40.0◦, the high pressure zone is formed 
on the side surface of the cylinder. The area of the high pressure zone on 
the side surface decreases with the growing θ0. When θ0 is larger than 
40.0◦, the high pressure zone is transferred to the cylinder’s bottom 
surface and the area of the high pressure zone is then enlarged with the 
increasing θ0. By comparing the pressure force in the zones near the side 
(θ0 = 10.0◦) and bottom (θ0 = 78.4◦) surfaces, it is found that the 

cylinder’s flat bottom surface can result in large slamming force, 
although its area is small relative to that of the cylinder’s side surface. 
This is because that the curved geometry of the surface can cause the 
fluid to flow around the surface such that the water pressure is reduced. 

3.4. Various parameters and the slamming force 

The pressure force on the cylinder during its water entry process 
plays a key role in cylinder’s structure safety and also its motion state 

Fig. 9. Time series of the pressure force on cylinders with different D/L ratios at (a) θ0 = 30.0◦, (b) θ0 = 40.0◦ and (c) θ0 = 55.6◦. For legends see (a).  
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(trajectory and velocity) in real life applications. Based on the results 
from cases with various D/L and θ0, a dimensional analysis was con-
ducted to obtain the correlations of Fpz,m with the various parameters 
(D/L and θ0). The dimensional analysis method used in this work was 
Buckingham PI theorem (Buckingham, 1914), which has been widely 
applied in hydrodynamic problems (e.g. Deng et al., 2016; Heller et al., 
2021). 

In water entry of the inclined cylinder, there are six independent 
variables, namely the cylinder density ρs, diameter D, length L, water 
entry velocity V0, maximum slamming pressure force Fpz,m and the water 
entry angle θ0. The physical units involve the length (m), mass (kg) and 
time (s) in this work. According to the theorem, there will be three 
governing dimensionless parameters π1 = Fpz,m/(ρsD2V0

2), π2 = D/L and 
π3 = θ0, after choosing ρs, D and V0 as the fundamental parameters. 
Therefore, it results in: 

Fpz,m = ρsD
2V2

0 f
(

D
L
, θ0

)

, (11)  

where f
( D

L, θ0
)

is the function of D/L and θ0. Given that the increment of 
Fpz,m between two different D/L mainly depends on θ0, the term about D/ 
L in the above function should be combined with θ0. Further, for a given 
D/L, it tends to result in a large Fpz,m when θ0 approaches to 0 and 90◦. 
The term involving θ0 in the function should show the symmetry about a 
certain water entry angle. After testing a selection of functions and 
trying to retain a concise structure of the function, the specific formats of 
f
( D

L, θ0
)

in this work is assumed as below: 

f
(

D
L
, θ0

)

= c1

(
D
L

)c2cosc3

(
θ0

180◦ π

)

cosc4

(
θ0 − c5

◦

180◦
π
)

, (12)  

where the coefficients ci (i = 1, 2, 3, 4 and 5) are determined using 

lsqcurvefit function in MATLAB based on the least square method. By 
taking the numerical results into Eq. (12). The resulted formula of Fpz,m 
is given as: 

Fpz,m = 0.33ρsD
2V2

0

(
D
L

)− 0.65cos 1.75

(
θ0

180◦ π

)

cos− 6.48
(

θ0 − 37.29◦

180◦
π
)

. (13)  

Here, the coefficient of determination R2 is introduced to evaluate the 
fitting error of Eq. (13), which is defined by 

R2 = 1 −

∑(
yfitted, i − ynum, i

)2

∑(
ynum, i − ynum

)2 . (14)  

By taking the numerical results and fitted values into Eq. (14), R2 = 0.99 
is obtained. 

Fig. 16 illustrates the fitted Fpz,m by Eq. (13) under different D/L and 
θ0, together with the comparison of the results from the numerical 
simulations. A high consistency is shown between the fitted and nu-
merical results for various D/L with θ0 = 55.6◦ (Fig. 16a), with the 
relative differences less than 5.1%. The maximum deviation of Fpz,m 
between the fitted and the numerical results appears at D/L = 0.054 and 
θ0 = 40.0◦, accounting for 16.9% of the numerical Fpz,m. For the effect of 
θ0 on Fpz,m, as shown in Fig. 16(b), the fitted curve also matches the 
numerical results. The maximum relative difference between the fitted 
and numerical Fpz,m is − 13.6% at θ0 = 40.0◦. In conclusion, for the pa-
rameters considered in this work, i.e. 0.054 ≤ D/L ≤ 0.686 and 30.0◦ ≤

θ0 ≤ 55.6◦ together with θ0 = 10.0, 20.0 and 78.4◦ at D/L = 0.250, all 
the numerical data are located within the ± 16.9% bounds of the cor-
responding fitted curve. The proposed Eq. (13) is also used to predict Fpz, 

m in cases from other studies. Table 2 shows the comparison between the 
measured Fpz,m in other studies and that obtained by Eq. (13). All the 
relative errors are within the ± 20.0% bounds, which also shows the 

Fig. 10. Snapshots of the pressure field distributions at the xy plane when reaching Fpz,m in the cases with different D/L at θ0 = 55.6◦. The time instants of the 
pressure fields from low to high D/L are 64.00, 4.04, 3.45, 4.07 and 4.85 ms accordingly. 
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effectiveness in predicting Fpz,m during the water entry of inclined 
cylinders. 

4. Conclusions 

This article presented a numerical model to simulate the water entry 
of inclined cylinders. The model was developed based on the multiphase 
flow solver interFoam and the proposed novel dynamic sliding mesh 
method, within the framework of OpenFOAM. This proposed method 

was implemented as a dynamic mesh handling class, which involved the 
handling of the coupled sliding and outer meshes. A spring-like mesh 
motion strategy was proposed to perform the mesh morphing within the 
outer mesh. A six degree-of-freedom motion solver was introduced to 
resolve the cylinder’s motion. This newly implemented dynamic sliding 
mesh method has the advantages on accommodating the large 
displacement of an object and maintaining a good mesh quality. Further, 
it is simple in mesh generation and relatively efficient in computational 
processes. 

Fig. 11. Velocity components versus time with different D/L at (a) θ0 = 30.0◦, (b) θ0 = 40.0◦ and (c) θ0 = 55.6◦. For legends see (a).  
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After validating with a laboratory experiment and another numerical 
simulation, this numerical model demonstrates its suitability and accu-
racy in simulating the fluid-structure interaction in water entry prob-
lems. The research’s focus was on the investigation of the effects of 
various parameters on the pressure force on the cylinders with the same 
mass. These variable parameters involve different diameter to length 
ratios D/L and water entry angles θ0. The velocity and rotation angle of 
the cylinder with these parameters were also investigated. The main 
conclusions are drawn as follows: For a given water entry angle, the 
maximum dominated vertical pressure force Fpz,m increases with the 
growing D/L. For cylinders with the same D/L, Fpz,m first becomes 
smaller and then larger with the increasing θ0. Further, a dimensional 
analysis was conducted based on the Buckingham PI theorem and an 
empirical equation was proposed, which results in the coefficient of 
determination of R2 = 0.99 within the range of parameters considered in 
this work. The numerical results are well captured by the equation, with 
a maximum relative deviation of 16.9%. Then the equation was applied 
to predict Fpz,m in other studies, resulting in the relative error bound of ±
20.0%. This proposed empirical equation can provide some guidance on 
practical applications. 

In future work, the characteristics of the flow field such as the evo-
lutions of cavities and vorticities during the water entry of inclined 
cylinders will be investigated. The proposed empirical equation for Fpz,m 
will be expanded for the water entry of cylinders with a wider range of 
parameters. The proposed numerical model can also be used for simu-
lations of other fluid-structure interaction problems in coastal and ocean 
engineering, e.g. the simulation of impulse waves generated by moving 
masses and ship hull slamming. 
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