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Abstract: In marine engineering, the installation of structures inevitably involves the process of water
exit. This paper studies the vertical force, the shape of the free surface, and the evolution of the
water entrained in a cavity in the process of lifting a structure, so as to provide guidance for practical
engineering operations. Using a 1:8 experimental model, this paper derives the governing equations
based on the Reynolds-averaged Navier–Stokes approach and uses the volume of fluid method to
capture the shape change of the free surface. The vertical forces obtained at different lifting speeds
are found to be in good agreement with the results of previous model tests. The results show that the
numerical simulation method and mesh generation described in this paper can simulate the changes
in the physical quantities associated with the structure in the process of water exit. The vertical force
on the structure increases nonlinearly as the lifting speed rises, and the maximum lifting speed is
conservatively estimated to be 0.034 m/s using the Det Norske Veritas recommended method. The
maximum vertical force occurs as the whole structure leaves the water. The water entrained in the
structure is mainly located at the sides and bottom. The lifting velocity plays an important role in
the water exit process. The water exit force first increases and then decreases to a stable value as the
lifting velocity increases, while the maximum water exit force increases nonlinearly.

Keywords: water exit; model test; perforated structure; vertical force; cavity evolution

1. Introduction

With the development of engineering technology, many new items of mechanical
equipment are being applied in industrial settings. This increased amount of equipment
leads to an increase in energy requirements. Energy resources are unevenly distributed
on land, so it is necessary to exploit offshore oil and gas. Many experts have studied the
phenomena related to ocean engineering operations. Nowadays, the equipment used for
marine operations is very large and complicated, which brings about higher requirements
for the safety of personnel and equipment. According to the International Marine Contrac-
tors Association, of the 163 marine accidents reported in the period 2021–2022, 12.8 percent
were caused by equipment failure. Thus, the analysis of the problems associated with
dynamic lifting operations is of practical significance. The entry of structures into water
bodies has been widely studied, but the water exit process has received far less attention.
As engineering problems arise, many scenarios require a structure to exit the water during
lifting operations, such as when the structure is originally placed in the incorrect position,
requiring water exit and reentry, or when subsea modules require maintenance. The water
exit problem thus has significant research value. The vertical forces encountered during the
exit process are usually greater than those during the entry process, which means the cable
strength and tension estimations are vital in ensuring operational safety. Therefore, further
studies of the process of a structure exiting the water are of practical significance.
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For the water exit problem, a linear model was initially used to describe the water exit
problem. Nonlinear terms were introduced with the development of marine operations and
the need for more accurate predictions. Korobkin et al. [1] revised a simplified model of
water exit with a time-dependent radius of curvature after demonstrating the importance of
nonlinear terms in forecasting hydrodynamic loads. Ma et al. [2] developed a longitudinal
dynamic model for the air–water trans-media process at slow speeds and presented a novel
estimation method for the fluid force. Takamure et al. [3] simulated the vertical upward
launch of solid spheres through a calm water surface, helping to confirm the determination
of model parameters for the water exit problem. Wang et al. [4] used methods recommended
by the International Towing Tank Conference and a discretization approach based on the
Courant–Friedrichs–Lewy number to analyze the numerical uncertainty of slamming loads.

The water exit process has obvious nonlinear effects, which present potential safety
hazards for marine operations. Thus, many experts have applied experimental and numeri-
cal methods to study the process and its effects. Sun et al. [5] conducted experiments in
which a cone-shaped axisymmetric body exited the water and recorded the cavity evolution,
motion features, and dynamic loads. Zhang et al. [6] analyzed the velocity and pressure
effects of water exit on an axisymmetric vehicle, with their experimental data showing
that pressure fluctuations become more severe with increasing vertical exit velocity. Zan
et al. [7] described an experimental study of a porous structure hovering at different posi-
tions in the splash zone, providing reference data for the installation of similar structures
and validation studies. Breton et al. [8] conducted an experimental investigation of the
evolution of the wetted surface and hydrodynamic force during the water exit process of
axisymmetric bodies including a circular disc, cone, and sphere. Their results were in good
agreement with the theoretical calculations. Zan et al. [9] studied the variations in drag
force, vertical offset, and resistance during towing operations, verifying the accuracy of
their numerical model. Wu et al. [10] conducted a set of experiments on the free surface
deformation and dynamic changes of a rigid body exiting the water, with a particular
focus on the influence of velocity and Froude number. Numerical methods typically use
commercial software, open-source code computing, or the boundary-lattice Boltzmann
method. Zhang et al. [11] used a two-dimensional boundary-lattice Boltzmann solver to
simulate the water exit of a circular cylinder and identified the changes in the free surface
and interface boundary, while Xiao et al. [12] analyzed the water exit of a circular cylinder
based on the boundary-lattice Boltzmann method. Their results show that this is an effec-
tive tool for simulating water exit problems, helping to protect marine equipment from
severe impact through numerical predictions. Wang et al. [13] studied the slamming impact
using the Reynolds-averaged Navier–Stokes (RANS) equations and the volume of fluid
(VOF) method based on OpenFOAM. Ni et al. [14] studied the water exit problem driven
by a vertical dynamic force and gravity using OpenFOAM and investigated the influence
of density, the structural dimensions, and initial submergence. Bhalla et al. [15] employed
the fictitious domain method to simulate the water exit problem for a free-falling wedge
and cylinder. Nguyen et al. [16] used the Navier–Stokes model for three-phase flows and
studied the exit process of projectiles and the collapse of a cavity containing entrained
water under the effect of the free surface. Moshari et al. [17] developed a finite volume
discretization to determine the nonlinear free surface deformation during the water exit of
a circular cylinder, while Murea et al. [18] solved a dynamic fluid-structure problem using
the Navier–Stokes equations to compute the free surface force. Masaki et al. [19] performed
a computational fluid dynamics (CFD) study and experimental work to examine the free
decay of a platform.

Most of the research results mentioned above use experimental or numerical methods
to study the water exit process of simple shapes such as cylinders or wedges. There is
little prior work on the problem of structures with cavities. Zhang et al. [20] analyzed
the pressure and velocity distribution during the water exit of a cylinder with a cavity
and showed that the cavity collapse would cause strong pressure fluctuations. Chen
et al. [21] studied the cavity shedding and collapse during the water exit of an axisymmetric
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projectile, with particular emphasis on the pressure features of the water exit cavitation.
Wang et al. [22] investigated the dynamic response of a structure consisting of perforated
plates subjected to water impact loading.

In this paper, we describe the results from a series of experiments in which a structure
with a cavity exits a body of water. Numerical simulations are carried out under the same
experimental conditions. By comparing the experimental and numerical data, we verify
the validity of our experimental and numerical work and derive a conservative method
for estimating the maximum lifting velocity. Finally, we examine the evolution of cavity
collapse and the behavior of the water entrained in the cavity.

The structure of this paper is as follows. The experimental and numerical approaches
are described in Sections 2 and 3, respectively, where we introduce the experimental
conditions and equipment and derive the governing equations, boundary conditions, and
mesh independence. In Section 4, we discuss the validity of the experimental and numerical
data and determine the maximum lifting velocity and cavity collapse effect.

2. Experimental Setup
2.1. Main Dimensions of Model

The prototype of our study model is a steel-framed structure that is used to protect
the subsea pipelines running from Wenchang to Yacheng. Considering the scale of the
experiment tank, the center of gravity of the model, and Froude’s law of similitude, the scale
ratio between the material object and the model is 8. The scale model is made of the same
steel. Table 1 lists the principal dimensions. The tank size ensures that the experiments are
not influenced by boundary effects.

Table 1. Principal dimensions of the model and tank.

Length (m) Width (m) Height (m) Weight (Kg)

Entity 17.68 12.1 3.55 53,248
Model 2.21 1.5 0.44 104
Tank 108 7 3.5 \

The main body of the frame structure is made up of three rectangular parts. The large
rectangular upper surface has a uniform distribution in the rectangular pool, while the
perforated plate has circular perforations (φ = 6.25 mm, n = 9× 3× 2 + 12× 4 = 102) in
the center. The sides of the three rectangular parts are covered with skirt plates, which
constitute a cavity. During lifting operations, the water flows from the pool through the
perforations into the cavity, which introduces nonlinear effects to the changes in vertical
force. The upper part of the rectangle is composed of intersecting groups of steel tubes
welded to a single steel plate. The whole structure maintains sufficient stiffness throughout
the experiment. Figure 1 shows the structure model. Figure 2 shows three sections of the
structure, including two transverse sections and one longitudinal section, allowing readers
to understand the cavity of the frame structure.
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2.2. Similarity Criterion and Hydrodynamic Coefficient

Considering that gravity plays a major role in the lifting process and that the Froude
number affects the shape of the free liquid surface, the similarity of the Froude num-
ber must be considered. The experiments conform to the principles of geometric sim-
ilarity, gravitational similarity, and motion similarity according to the equality of the
Froude number:

Vs√
gLs

=
Vm√
gLm

, (1)

where Vs is the velocity of the real structure; Ls is the characteristic length of the real
structure; Vm is the velocity of the model; Lm is the characteristic length of the model; and
g is the acceleration of gravity.

Because only a single degree of freedom of motion is considered, the vertical force can
be expressed as follows based on the Det Norske Veritas (DNV) standard [23]:

Fe(t) = −
1
2

CeρApv2
e . (2)

The dimensionless exit coefficient can then be calculated as:

Ce =
|2F|

ρApv2
e

, (3)

where ρ is the density of the water; Ap is the vertical projection surface area of the model
(1.715 m2); and ve is the vertical velocity of the model.



J. Mar. Sci. Eng. 2023, 11, 274 5 of 20

2.3. Experimental Schemes

The experiments were carried out in the towing tank at Harbin Engineering University.
As shown in Figure 3, the experimental equipment was mainly composed of three parts: a
forced motion mechanism, a data acquisition system, and the frame structure. The steel
frame structure was placed in the center of the tank to minimize the wall effects. The top
of the structure was connected to the forced motion mechanism by a welded steel plate.
The lifting velocity of the mechanism was set to 0.02, 0.025, 0.03, 0.035, 0.04, 0.05, 0.08,
or 0.1 m/s based on the model scale. The center of the co-rotational coordinate system
(G-xyz) was located at the center of gravity, with the lengthwise direction of the model (Gx)
running parallel to the long side of the tank and the downward vertical direction taken
as positive.
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Figure 3. Arrangement of the experimental equipment. Figure 3. Arrangement of the experimental equipment.

Before each experiment, the model was semi-submerged at the initial stage so that
the free surface was located in the middle of the upper frame, with a draft of 0.267 m.
We selected this initial position because we wanted to study the vertical forces imposed
by the cavity dynamics. The changes in these quantities are less significant as the upper
frame exits the water, so only the cavity was submerged. Once the initial position had been
set, the forced motion mechanism began to drive the model through the free surface at a
constant velocity. The model then returned to the original position and the free surface
was allowed to become calm before the next experiment began. During this process, the
data acquisition system recorded all required data. The data acquisition system includes
two force rings and a displacement sensor to measure the vertical force and velocity of the
model. Two cameras (top view and side view) were used to record the motion attitude of
the model and the changes in the free surface.

2.4. Data Analysis and Discussion

We consider the 0.1 m/s case as an example. Figure 4 shows the results of three
experiments. The deviation in the maximum vertical force among the three runs is just
1.41 percent, demonstrating the reliability of the experimental data. The different times
required for the free surface to become calm account for the differences in the start state in
this figure, but this has no influence on the vertical force. Unless otherwise specified, all
experimental data presented in this paper are the average of three runs.
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Figure 5 shows the time history of the experimentally determined vertical force; the
time histories at different speeds exhibit the same trend. Before the structure begins to move,
the vertical force and buoyancy force are in equilibrium with gravity, and the magnitude
of the vertical force is very stable. The vertical force then increases almost linearly to its
maximum value, at which time the structure is completely out of the water. Next, there is
a decrease in the vertical force, with a small inflection point in the middle stage, before it
gradually becomes steady. The increase in the vertical force depends on the lifting velocity,
with the maximum vertical force occurring sooner under a higher lifting velocity. The
maximum vertical force in the experimental data is 1842.5 N at a speed of 0.1 m/s and the
minimum vertical force is 1558.2 N. These results are much higher than those encountered
during the entry process [24].
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To determine the relationship between the lifting velocity and the vertical force,
Figure 6 presents a more intuitive picture of the changes in vertical force. As the lift-
ing speed increases, the maximum vertical force also increases, which requires an increase
in the allowable tension of the rope in the lifting operation. Therefore, the maximum lifting
speed for safe operating conditions should be determined. One reliable method is discussed
in Section 4.3 of this paper. Table 2 presents the maximum vertical force and growth rate
based on the 0.02 m/s case (here, growth rate means the difference in the maximum water
force between 0.02 m/s and other lifting speeds, divided by the maximum exit force of
the 0.02 m/s case), which can be used to measure the sensitivity of this force to the lifting
velocity. Figure 7 shows that the maximum vertical force increases nonlinearly with the



J. Mar. Sci. Eng. 2023, 11, 274 7 of 20

lifting speed, and the amplitude of the increase is larger at lower speeds. According to
these limited experimental results, we can infer that the maximum force encountered in the
water exit stage of the structure may have an upper limit when the velocity is sufficiently
large. However, too high a velocity will introduce safety risks, so it is necessary to find a
compromise that balances the safety and efficiency of lifting operations.
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Table 2. Variation in maximum water exit force and growth rate with vertical velocity (based on
0.02 m/s case).

Velocity (m/s) 0.02 0.025 0.03 0.035 0.04 0.05 0.08 0.1

Fmax(N) 1558.2 1600.1 1642.6 1685.7 1700.7 1750.3 1798.2 1842.5
Growth rate 0 2.67% 5.42% 8.18% 9.15% 12.33% 15.40% 18.25%
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3. Numerical Simulations
3.1. Governing Equations

Using STAR-CCM+ 2020.1 [25], simulations were conducted according to the continu-
ity equation and Reynolds turbulence equation to solve the two-phase flow model:

∂ρ

∂t
+∇·(ρv) = 0 (4)

∂

∂t
(ρv) +∇·(ρv⊗ v) = −∇·pI +∇·

(
T + TRANS

)
+ fb (5)

where ρ is the density, v is the average velocity, p is the average tension, I is the identity
tensor, T is the average viscous stress tensor, TRANS is the resultant of the Reynolds stress
tensor, and fb is the resultant of the volume force.

The above system of equations is not closed. The k− ε turbulence model is included to
complete the equation set. The finite volume method transforms the governing equations
into an algebraic system; this is suitable for complex engineering problems and has good
adaptability to the grid. The VOF method is used to capture changes in the free surface as
the steel framework structure passes through the interface. The free surface is the interface
between water and air in a gravitational field and is made up of fluid particles. The surface
will become uneven when subjected to an external disturbance (e.g., wind pressure or
structure motion). Gravity drives the fluid particles to their equilibrium positions, but
inertia prevents this motion. The alternating motion of the fluid particles leads to changes
in the free surface shape. Once the external disturbance has stopped, the viscosity of the
water acts to attenuate the wave motion.

The VOF multiphase model is applied to predict the distribution of the phases and the
position of the interface between the two phases in terms of the phase volume fraction with
viscosity. The volume fraction of phase i is defined as:

αi =
Vi
V

, (6)

where Vi is the volume of phase i in a grid cell and V is the volume of that grid cell. The
sum of the volume fractions of all phases in a grid cell must be 1, i.e.,

N

∑
i=1

αi = 1. (7)

The physical quantities of interface cells can be defined as:

ρ = ∑
i

ρiαi, (8)

µ = ∑
i

µiαi, (9)

where ρi is the density of phase i and µi is the dynamic viscosity of phase i.

3.2. Computational Domain and Boundary Conditions

The main frame structure is left/right symmetric, so only half of the frame is consid-
ered in the actual calculations. The whole computational domain is shown in Figure 8. The
top plane of the domain is set as a pressure outlet; the posterior plane is set as a symmetry
plane; the other boundaries are solid walls. An overset mesh is placed between the frame-
work and the free surface to exchange data conveniently and obtain accurate interpolation
results. The main dimensions of the computational domain are 9.08 m× 3.21 m× 5.12 m;
this is sufficient for the effects of the boundaries on the flow to be regarded as negligible.
The structure is initially located 0.1263 m below the free surface before being driven by the
forced motion mechanism at a constant velocity through the free surface.
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3.3. Mesh Generation and Independence Test

The initial surface is first reconstructed to provide a high-quality volume mesh. The
boundary layer is a prism layer mesh, which improves the accuracy of the solution. The
whole computational domain is divided into the fluid domain, motion domain, overset
domain, free surface, and frame structure. To reduce the number of cells, the basic size
of the fluid domain mesh is set to 40 mm; our previous study [24] showed that this is
sufficient to ensure reasonable accuracy. The motion domain, overset domain, and free
surface constitute 15 percent of the basic size. This resolution ratio is sufficiently fine
to allow a full exchange of momentum and energy between grid nodes and capture the
deformation of the fluid particles at the free surface. The grid for the perforated layer of the
frame constitutes 5 percent of the basic size. Given the diameter of the holes (φ = 6.25 mm),
each opening will have three grid nodes to describe its physical quantities. Thus, each scale
grid has at least three layers of nodes at the boundary of the overset domain, which ensures
the accurate calculation of physical quantities. Figures 9 and 10 show the mesh covering
the calculation domain and the mesh describing the model.
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Figure 10. Detailed mesh of the model.

To verify the accuracy of the results and the grid independence, we considered three
grid resolutions to perform the grid sensitivity study. Table 3 summarizes the settings
and results for each case. We use a 0.1 m/s lifting velocity and compare the numerical
results of the impulse with the three grids. We define the value of the area below the time
history of the exit process as the impulse effect on the structure in the process of completely
exiting from the water (Figure 11). The impulse is the integral of the exit force over the exit
duration; it can assess the intensity of the exit impact. We use the impulse of the force so as
to make use of all data instead of just the maximum exit force value. The relative error of
impulse in each case is within 3%, which shows good agreement.

Table 3. Grid independence setup and impulse results.

Rough Medium Thin

Base size 80 mm 40 mm 20 mm
Cell number 1,215,731 5,066,728 29,261,291

Impulse (N·s ) 1970.14 1955.26 1920.30
GCI (%) \ 1.3863 0.7049
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For the CFD calculation of an engineering problem, it is necessary to assess the uncer-
tainty error since the mesh size, which is needed to study the convergence of the results
under different mesh sizes. Richardson extrapolation is used to assess the discretization
error and uncertainty estimators for problems in computational fluid dynamics [26]. It
needs at least three solutions; we named our numerical results as S1 (solution 1), S2, S3.
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They correspond to rough, medium, and thin mesh sizes, respectively. The results are
collected in Table 3.

The rate R is defined as:
R = ε21/ε32 (10)

The order of convergence p can be calculated by:

p = lnR/lnr (11)

The grid convergence index (GCI) can be expressed as:

GCI =
FS|ε|

rp − 1
(12)

where ε21 = S2 − S1, ε32 = S3 − S2, p is the order of convergence, ε is the relative error, FS
is a safety factor, and the recommended value is 3 for two grid comparisons and 1.25 for
three or more grid comparisons.

The GCI is a measure of the percentage the computed value is away from the asymp-
totic numerical result. It indicates an error band on how far the solution is from the
asymptotic value. Based on Equations (10)–(12), the values of GCImedium and GCIthin in
our study are 1.3863% and 0.7049% respectively. A small value of GCI indicates that the
computation is within the asymptotic range, which means it approaches the true value.
With the increasing refined grid, the computed results will not change much under this con-
dition. The requirement of GCI [27] can be checked by the value of GCImedium/rpGCIthin,
which is approximately one and indicates that the solutions are well within the asymptotic
range of convergence. Therefore, the accuracy of the numerical model grid size applied in
this paper is reasonable. Considering the simulation process time and accuracy, we use the
medium grid size for all subsequent simulations.

4. Results and Discussion
4.1. Validation of Experimental and Numerical Data

The acceleration and deceleration of the experimental mechanism when starting and
stopping the lifting process are ignored in the numerical simulations. We thus compare
the experimental data with a fictitious numerical constant-velocity exit process. Figure 12
shows that the variation trend of vertical force is broadly consistent for the different lifting
speeds. In the initial stage, the curve oscillates. During the lifting process, the vertical force
on the frame remains close to zero for some time, while the frame is still in the water, as
the buoyancy largely offsets the gravity. Gradually, as the framework continues to rise,
the steel structure moves above the water. A linear increasing trend is then apparent, and
the force quickly increases to a maximum. At the moment the steel frame is completely
above the free surface, the curve exhibits an inflection point, and then drops to a stable
value. We speculate that this may be because the flow through the small perforations
gradually reduces the total weight of the whole structure. The maximum vertical force
increases as the lifting speed rises. The maximum of 2010.3 N with a vertical speed of
0.1 m/s far exceeds the gravity of the frame itself, which is 1020.2 N. Therefore, there
is some weightlessness in the steel frame during the whole process, which may have
consequences for the actual lifting operation, such as cable relaxation.
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Figure 12. Comparison of experimental and numerical vertical water exit force time history under
different lifting velocities.

Data from an earlier model experiment are also shown in Figure 12. The simulation
results and experimental data for the maximum vertical force are presented in Table 4.

Table 4. Comparison of maximum water exit force and relative error of numerical (CFD) and
experimental (EXP) results.

Velocity(m/s) fCFD fEXP Relative Error

0.02 1775.8 1558.2 13.96%
0.025 1811.8 1600.1 13.23%
0.03 1833.4 1642.6 11.62%
0.035 1845.4 1685.7 9.47%
0.04 1849.7 1700.7 8.76%
0.05 1883.6 1750.3 7.62%
0.08 1934.1 1798.2 7.56%
0.1 2010.3 1842.5 9.11%

The vertical force obtained from the simulations is generally larger than the experi-
mental value. This is because the experimental steel frame continues to be impacted by
water falling from the upper parts of the structure, especially when the frame has just exited
the free surface completely. The whole structure suffers a severe left-lean after exiting the
water completely, although this has little effect on the maximum exit force. The error in the
maximum vertical force reaches 13.96% with a lifting velocity of 0.02 m/s. With an increase
in lifting velocity, the error gradually decreases and stabilizes at 8%–9%, indicating that the
calculation model better simulates the process of steel frame water discharge. The source of
the error may be numerical when the forced motion mechanism moves at a very low speed.
Both methods have large accumulated errors at low speeds, which is in good agreement
with the obtained results and the actual problems that may occur.

4.2. Free Surface Shape and Cavity Evolution

Figure 13 shows the four critical time nodes examined in this study. Different time
nodes represent different heights of the waterplane in the water exit stage. Initially, the
top of the structure is placed 0.1263 m below the calm waterplane, before being lifted at a
constant velocity and touching the waterplane at t1. At this stage, the model is completely
submerged, its gravity is almost equal to the buoyancy, and the vertical force is relatively
insignificant. At t2, the cavity structure meets the interface. From t1 to t2, the vertical
force increases as the water inside the cavity falls back into the tank. The model exits the
waterplane completely at t3. At this moment, the buoyancy disappears and the vertical
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force reaches its maximum. We define t4 as the moment when the water attached to the
structure falls back into the tank. The time history of vertical force exhibits an inflection
point and the gradient becomes gentler. The perforations in the frame allow the water to
fall under gravity, and the vertical force decreases slowly until the model stops moving.
Figure 14 shows the position of these time nodes in the vertical force time history. t3 is the
time of maximum vertical force, while t1 and t4 are inflection points prior to upward and
downward trends, respectively. The vertical force time history at each lifting velocity can
be used to find these time nodes. In this section, we discuss the waterplane shape of these
time nodes and their effect on the vertical force. Figure 15 shows photos taken at three
different time nodes.
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Figure 15. Experimental photographs of the free surface shape under different water exit stage. The
Chinese characters in the picture represent Thursday.

When the frame structure exits the water, the shape of the free surface and the pressure
in the vertical plane will be influenced by the cavity [28]. We now consider these changes
and discuss the relationship between shape, pressure, and velocity.

Figure 16 shows the vertical position of fluid particles at different time nodes when the
lifting velocity is 0.06 m/s. The free surface shape is significantly altered by the structure
and is strongly related to the shape of the structure, the lifting velocity, and the immersion
depth. For convenience of description, we define the head of the parallel rectangular region
as the stem and the side of the vertical parallel rectangular region as the stern. The motion
of the structure drives the motion of the water near the structure, and this phenomenon
obviously occurs along the side of the whole structure. The vertical position of fluid
particles at the sides is always higher than that of stem or stern fluid particles; this agrees
with our video of the experiment. Thus, we can conclude that green water usually occurs
at the side of the structure during splash zone lifting. This provides significant guidance
for the actual hoisting process of a structure.
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Figure 16. Numerical images of the free surface shape at different time nodes with a lifting velocity
of 0.06 m/s.

A vertical plane 0.52 m to the left of the center of gravity is used to monitor the overall
volume change in air–water phases during the water exit stage, as shown in Figure 17. The
blue parts represent air and the red parts denote water; the white lines denote the outline
of the structure. All images are of the middle longitudinal section of the structure at the
various exit nodes. The stem (right) represents the length of the rectangular part, while the
stern (left) represents the width of the rectangular part (as shown in Figure 1). To determine
the volume change mechanism, the lifting velocity is taken to be 0.04 m/s, for which the
defined time nodes are marked. From t1 to t2, the cavity is partially submerged in the water,
and the shape of the structure restrains the water inside the cavity, so the fluid particles
generally remain in a rectangular shape. Once the structure exits the water completely (after
t2), the edges of the cavity begin to collapse, and this collapse then spreads to the bottom of
the cavity. At the stem, a slender air crack cuts across the structure and water, and marginal
fluid particles fall faster than the central fluid particles, producing a peak of water at the
bottom of the structure. This shape continues to fall until it hits the surface. The collision
causes the central fluid particles to undergo their maximum vertical deformation, whereby
energy is transferred to the surrounding particles and converted into potential energy that
elevates their position and washes them onto the outer surface of the structure. At the stern,
the motion of the fluid particles is the same as at the stem. The collapse originates at the
relatively short sides of the rectangular cavity. On the longer sides, the height of the fluid
particles is uniformly distributed; this is the case for all three rectangular cavities.
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According to this discussion, the water attached to the frame structure is mainly
distributed on the side and bottom of the structure when it is discharged. Along the sides
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of the structure, the height of the excited water is mainly related to the lifting speed, while
the shape of the structure has a significant influence on the water column at the bottom.

4.3. Maximum Lifting Velocity

Based on Equation (3), the dimensionless water exit force coefficient can be expressed as:

Ce =
|2Fmax|
ρApv2

e
, (13)

where Ap is the horizontal projected area minus the area of all circular perforations, which
is 1.715 m2 for the model considered in this study. Figure 18 shows the dimensionless
coefficients of the maximum water exit force (Ce) at each lifting velocity. The fitting curve
for Ce is given by:

Ce = 0.70552Fr−1.90396 (14)
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Through the fitting function, we have an empirical formula for estimating the Froude
number of the lifting velocity under different loads. According to the DNV standards [23],
the safe lifting distance during marine operations is the characteristic length of the structure
plus 5 m. For the structure considered in this study, that is 2.21× 8 + 5 = 22.68 m, and so
the safe load corresponding to the curve is 270 t for a crane vessel with a 400 t maximum
deadweight hook. The allowable safe load can be calculated as:

SWLli f t + mblock = (SWLcurve + mblock)×
fcurve

fli f t
(15)

where SWLcurve in our case is 270 t; mblock is the weight of the hook and cables (for
the “HYSY286” vessel, this value is 8078 kg); fcurve and fli f t are equal to 1.15 and 1.18,
respectively, according to DNV’s “Modeling and Analysis of Marine Operations”; and
SWLli f t is the safe lifting load. According to similarity theory, the equation for our model
and the associated structure can be expressed as:

vm√
gLm

=
ve√
gLe

(16)

Combining Equations (13)–(16), the maximum safe lifting velocity is 0.034 m/s for the
object considered in this study. The above methods provide guidance for estimating the
maximum safe lifting speed in offshore engineering operations.
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5. Conclusions

In this paper, we have presented the results of model water exit experiments and
conducted a series of simulations of the water exit stage of a porous structure under different
lifting velocities. The experimental and numerical data are in good agreement, which lends
strong empirical support to the validity and reliability of our model. In this study, we
developed the process of a structure exiting the water through a simplified description,
analyzed the vertical force, and compared the numerical results with experimental data.
We also proposed a method of calculating the maximum lifting speed of a structure, and,
finally, investigated the evolution of entrained water and the pressure distribution of the
structure in the water exit stage. The conclusions from this study can be summarized
as follows:

(1) The exit process of structures can be divided by time nodes according to their
different characteristic contact planes. In this paper, four special time nodes were obtained,
corresponding to the beginning of the water exit, the cavity contacting the water surface,
the structure completely exiting the water, and the entrained water attached to the structure
falling back into the water. The time history of vertical force has peak and inflection points
corresponding to the selected time nodes, which provide references for describing the
process of water exit.

(2) The commercial STAR-CCM+ software was used to solve the RANS equation,
and the VOF method was applied to simulate the air–water interface. Several water exit
simulations were carried out for structures with cavities, and the evolution of the vertical
force was obtained for various lifting velocities. Compared with data from previous model
tests, the maximum error of 13.96% occurred with a lifting velocity of 0.02 m/s. The
minimum error of 7.56% occurred at a lifting speed of 0.08 m/s. The results show that
the CFD method presented in this paper can effectively simulate the exit process of the
structure and calculate the vertical water exit forces.

(3) Based on the safety of offshore hoisting operations according to DNV and similarity
theory, a conservative calculation method for the maximum lifting speed of a structure was
proposed. This provides a simple estimation method for actual offshore operations.

(4) The shape of the free surface and the motion of the entrained water during the
exit process have been discussed. The shape of the free surface is closely related to the
lifting speed and the structure shape. During the exit process, the water particles along the
side of the structure are typically higher than those at the bow and stern of the structure,
which means that water scouring similar to green water occurs on the sides. The water at
the bottom of the rectangular cavity starts to collapse on both short sides of the rectangle,
while the long sides fall to almost the average height. The distribution of attached water
is symmetric with respect to the width direction of the structure, which has practical
engineering significance for guiding the structure through the splash zone safely and
reducing the impact of nonlinear effects.
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