
mdpi.com/journal/jmse

Special Issue Reprint

Application of CFD 
Simulations to Marine 
Hydrodynamic Problems

Edited by 

Peng Du and Abdellatif Ouahsine



Application of CFD Simulations to
Marine Hydrodynamic Problems





Application of CFD Simulations to
Marine Hydrodynamic Problems

Guest Editors

Peng Du

Abdellatif Ouahsine

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Guest Editors

Peng Du

School of Marine Science

and Technology

Northwestern Polytechnical

University

Xi’an

China

Abdellatif Ouahsine

Laboratoire Roberval
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Application of CFD Simulations to Marine Hydrodynamic
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Growing global energy demand and the increasing exploration of the ocean have
brought about significant challenges and opportunities in the field of marine engineering
and fluid mechanics [1]. This Special Issue features nine cutting-edge research articles
that focus on key areas such as submarine flow fields, ship navigation characteristics,
wave energy utilization, artificial reefs, the dynamic stability of pontoons, and fish-shaped
oscillating wings. Our aim is to provide a platform for researchers, engineers, and academics
to exchange ideas and gain new insights, thereby advancing research and technological
progress in this field. The topics of the articles featured in this Special Issue can be classified
into three categories: underwater structures, surface structures, and surface waves.

The hydrodynamics of underwater structures, including submarines, hydrofoil,
reefs, and other simplified structures, have been investigated in several studies. In [2],
an investigation into the flow field characteristics of a new submarine model under both
0 and 10◦ yaw conditions was carried out. By employing Large Eddy Simulation (LES)
technology, complex flow phenomena were accurately captured, and the interaction
laws between different appendages and the evolution of the wake were revealed. This
research offers crucial theoretical support for enhancing the hydrodynamic design of
submarines. The hydrodynamic behavior of cylinders under the action of internal solitary
waves is analyzed in [3]. Through numerical simulations, the flow field distribution
characteristics and force characteristics of the cylinders are determined, offering critical
data support for the design of safe marine structures situated in complex ocean
environments. The authors of [4] conduct research on the added mass of underwater
objects in variable-speed motion using a numerical simulation approach combined
with regression analysis and parameter separation analysis. The study investigates the
sources and variation patterns of added-mass forces for irregularly shaped small objects,
providing new insights to inform the mechanical analysis and design optimization of
underwater vehicles. The flow field effects of trapezoidal artificial reefs are evaluated
in a study that combines numerical simulations with field surveys [5]. The study
comprehensively assesses the flow field effects, stability, and ecological benefits of
different reef layouts under various flow velocities, serving as a valuable reference
for the rational design and deployment of artificial reefs. The authors of [6], in a
study on fish-like oscillating hydrofoils, investigate the effects of hydrofoil geometric
parameters and kinematic parameters on propulsive performance. By analyzing the
near-wake structure, the study establishes a correlation between engineering parameters
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and flow separation, providing key insights for the development of biomimetic
propulsion technologies.

The hydrodynamics of surface structures, including ships and wave energy converter,
have been investigated in several studies. Ship drift trials were conducted in [7], and
the Orthogonal Experiment Method (OEM) was used to analyze the effects of mesh size,
turbulence models, and time steps. The reliability of the simulation results was verified, and
the Detached Eddy Simulation (DES) method successfully captured the vortex structures
around the ship’s hull, highlighting the potential of numerical simulation in ship design. In
the field of ship design, a study on the hydrodynamics of bulbous bows for fishing
vessels presents a novel numerical reverse design approach [8]. Based on the prototype
of an Argentine trawler, this research utilizes the OpenFOAM platform for numerical
simulations and combines towing tank experiments for validation. It systematically
evaluates the resistance performance of vessels with and without bulbous bows, offering
a fresh perspective for the design optimization of small-scale fishing vessels. Research
on wave energy utilization is gaining prominence due to the increasing focus on clean
and abundant ocean energy resources. The authors of [9] explore parameterized design
and employ numerical wave tank technology to analyze the motion response and power
output characteristics of a new pontoon-type wave energy converter in regular-wave
environments. This work lays a foundation for the engineering application of wave energy
conversion technologies.

In the field of wave simulation technology, ref. [10] proposes a high-order spectral
method for irregular-wave generation and calibration. By integrating physical wave
tank experiments with numerical simulations, this method enhances the accuracy
of wave simulations and provides an efficient and reliable tool for research on
wave–structure interaction.

The nine studies featured in this Special Issue showcase innovative research from
diverse perspectives in the field of marine engineering and fluid mechanics. They not only
advance the development of theories and technologies in this field, but also offer valuable
guidance for practical engineering applications. We hope that these research findings will
inspire readers, promote collaboration between academia and industry, and foster the
exchange of ideas to address the complex challenges in marine engineering and contribute
to sustainable development.
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Abstract: Aiming towards a better understanding of the flow field around a fully appended Joubert
BB2 submarine model, and in order to complement the experimental investigations of the wake of
the hydroplanes and sail, large eddy simulation (LES) with the dynamic Smagorinsky model was
conducted. Three sets of grids with a maximum grid number of up to 228 million were designed to
perform the LES simulation for the Joubert BB2 under 10◦ yaw conditions, with a freestream Reynolds
number based on the local freestream velocity and a hull length of ReL = 2.2 × 107. Comparisons
of the wake of the cruciform appendage were made with experiments to verify the computational
accuracy and to examine the influence of the spatial resolution. A satisfactory result was more
representative of the experiments with the improvement in grid spatial resolution. The evolution
characteristics of three co-rotating vortices originating from the cruciform appendage under the most
refined grid arrangement are further described in detail under straight-ahead and 10◦ yaw conditions.
The comparison results show that, in the core-flow region, the resultant velocity, vorticity magnitude,
and TKE were stronger and the wake was more complicated under 10◦ yaw conditions. Tip vortex
tracking under 10◦ yaw conditions exhibited significant three-dimensional characteristics as the wake
developed downstream.

Keywords: submarine; LES; yaw; straight-ahead

1. Introduction

Submarines will generate vortex structures with various scales and forms that develop
downstream during navigation. Generalized appendages, such as sails, hydroplanes,
rudders, decks, and flood holes, create coherent vortex structures, like the horseshoe vortex,
tip vortex, Karman vortex, discrete vortex, etc., leading to intense flow vibration. The
development of these vortex structures also influences the maneuverability and deteriorates
the wake of the platform. The vortex oscillation and its induced pressure fluctuation excite
the hull, resulting in flow-induced noise, which seriously influences the stealth [1–3].
The investigation of the flow physics of a submarine can help us to better understand
maneuverability limitations and flow-induced noise sources.

A certain amount of the available literature has described the flow around a submarine,
within which experimentation plays an important role, especially in early studies. Fu
utilized a PIV (particle image velocimetry) system to characterize the flow field around
a sting-mounted captive ONR (Office of Naval Research) Body-1 submarine model in a
steady turn [4]. Jimenez and Ashok utilized a hot-wire system and an SPIV (stereo particle
image velocimetry) system to measure the flow field around an axisymmetric DARPA
(Defense Advanced Research Projects Agency) SUBOFF (Submarine Technology Program
Office) model, respectively, and flow field experimental databases with different Reynolds
numbers, pitches, and yaw angles were obtained [5–10]. Similar research works on the
SUBOFF model were conducted by Khan [11] and Shokrallah [12].

J. Mar. Sci. Eng. 2023, 11, 2286. https://doi.org/10.3390/jmse11122286 https://www.mdpi.com/journal/jmse4
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Another DSTO (Defense Science and Technology Organization) generic submarine
model with a large deck, sail, and an X-form rudder arrangement [13,14], which can
provide a useful representation of a conventional submarine, has been widely discussed in
the available literature. The flow field measurements of the fully appended model both
under straight-ahead conditions and during a 10◦ side-slip were conducted by the Defense
Science and Technology Group, with data collected using pressure probes, PIV, and flow
visualization of the wool-tuft streamers [15–20]. It provided a benchmark prototype with
which to validate and improve numerical simulations of submarine wakes.

Since a new vertical sail and two horizontal hydroplanes, known as “Joubert BB2”,
were recently designed to improve stability and control characteristics [21,22], the wind-
tunnel experiment of the model with 10◦ yaw was conducted again, with China-clay
visualization and a high-resolution SPIV system [23–25]. The wake of this cruciform
appendage can be made available to assist validation studies.

With the development of computational fluid dynamic (CFD) methods, the numerical
simulation of the flow field around a fully appended submarine model can complement
experimental investigations and create opportunities to advance the understanding of the
flows, as the experiments only obtain limited flow field information. Careful verification
and validation studies should be conducted with experimental data.

Four main CFD methods have been developed for predicting the flow field, and
direct numerical simulation (DNS) is not practical in engineering predictions because of its
enormous demand for computing resources. Reynolds-averaged Navier–Stokes (RANS),
DES (detached eddy simulation), and large eddy simulation (LES) are gradually becoming
dominant in computing the flow field around underwater vehicles. For the fully appended
hull, however, the RANS seems to lack prediction accuracy somewhat, particularly for the
second-order statistical moments and the local flow topology, and the DES and its variants
lack good representation for the development of wall turbulence. The development of LES
can provide very useful insights into the complicated transient nature of the flow, including
unsteady wake flow, flow-induced noise, and vibrations [16,26–28].

The LES method was first proposed by Smagorinsky [29], and the applicability of
predicting the flow field around submarines has been verified by many researchers. Shi
evaluated the predictive capabilities of LES on the flows around a bare hull model by
comparing it with experiments, and a good agreement was observed for the pressure and
the skin-friction coefficients on the body and the streamwise velocity in the wake [30].
Zhou performed LES computations of the SUBOFF submarine model to investigate the
wake characteristics of an underwater vehicle with and without a propeller [31]. Rosa
performed LES simulations of the same model, with a comparison between towed and
self-propelled cases, for boundary layer development over both the hull and wake flow [32].
Then, LES simulations that focus on the effects of the Reynolds number on the structure of
the boundary layer in the stern area, as well as the near wake, were conducted. Results
showed that the influence of the junction vortices on the first- and second-order statistics of
most of the stern boundary layer is weakly dependent on the Reynolds number [33]. The
computational ability of LES for the surrounding flow of submarines under maneuvering
conditions has been verified.

Zhang studied the numerical prediction approach for the hydrodynamic force and
noise of a SUBOFF submarine appended by an AU5-65 propeller using LES and Pow-
ell vortex theory [34], and expanded LES to the field of submarine noise prediction and
more complex maneuvering conditions, such as submarine propeller interaction and crash-
back [35–37]. The results further validated the numerical prediction ability of LES. Kroll
performed an LES of the flow over the SUBOFF submarine appended by the DTMB-4381
propeller in forward mode, and crashback, mean flow fields, and propeller load statistics
showed good agreement with experiments and previous simulations [38].

In this paper, we focus on the evolution characteristics of three co-rotating vortices
originating from the sails and hydroplanes and the development trend of the far wake
flow, and provide a comparison of them under straight-ahead and 10◦ yaw conditions.
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Three sets of grids with a maximum grid number of up to 228 million were designed to
perform LES simulation for the fully appended Joubert BB2 submarine model for 10◦ yaw.
A comparison of the wake of the cruciform appendage was made with Lee’s work [24], to
verify the grid convergence and computational accuracy of LES in terms of predicting the
flow field around the submarine. Simulations were conducted at a freestream Reynolds
number based on the local freestream velocity and the hull length of ReL = 2.2 × 107, which
is higher than those in previous work and more representative of a full-scale submarine.
Then, the characteristics of the flow around the submarine are described in detail under
straight-ahead and 10◦ yaw conditions. These computations further elucidate the structure
of the flow around the fully appended Joubert BB2 submarine model, and provide an
effective complement to the experimental investigations.

The remainder of the paper is organized as follows: Section 1 provides an introduction
to the Joubert BB2 submarine model and some information on the SPIV experiments in
Lee’s work [24]. In Section 3, the numerical methodology is explained, including the LES
method, computational domain, boundary condition, and the grid arrangements. Section 4
presents the results and discussion, including the validation of the numerical approach and
analysis of the evolution of the flow. Section 5 presents the conclusions.

2. The Joubert BB2 Submarine Model

Figure 1 shows the Joubert BB2 submarine model with a length of L = 3.826 m and a
model scale of 1:18.348. The hull was designed as an axisymmetric body of revolution with
a length-to-diameter ratio L/2rm = 7.3, and the bow profile is derived from an NACA0018
curve [39], splined to allow the rise in pressure to occur further aft [20]. The cross-section of
the sail is based on an NACA0022 with a height of 0.080L and a chord length of 0.157L. Two
horizontal NACA0015 hydroplanes are assembled on the sail, and the combined span and
the root chord were designed to be 0.117L and 0.033L, respectively. The stern control plane
consists of four rudders in an X configuration, and the tailing edge is 0.075L away from the
end of the hull. Further detailed descriptions can be found in Joubert [13,14], Bettle [21],
and Overpelt [22].

Figure 1. The Joubert BB2 geometry.

In Lee’s work [24], the experimental results are discussed in a wind axis coordinate
system, with the x-axis direction defined as the direction of freestream, as shown in Figure 2,
which is also adopted in the paper for a more direct comparison. The velocity field is
obtained with an SPIV measurement system at three selected model-length locations,
x/L = 0.511, x/L = 0.650, and x/L = 0.815, and the normal direction of these experimental
planes is parallel to the free-stream direction. For further details on SPIV setup and
measurements, see Lee [24]. It should be noted that the model-length Reynolds numbers
were chosen to be ReL = 4 × 106 and ReL = 8 × 106 in those experiments, which are
lower than those of this paper. The conclusion has been drawn that similar experimental
results for the velocity field, turbulence kinetic energy (TKE), cross-stream Reynolds stress,
etc., are shown with different ReL values. According to previous research results on
the wake field of submarine models, when the ReL increases from 1 × 107 to 3.5 × 107,

6



J. Mar. Sci. Eng. 2023, 11, 2286

the dimensionless mean velocity changes between 3% and 10%; the change in ReL only
influences the amplitude of the fluid variables, not the peak and valley characteristics, and
thus the reciprocal validation of computations and experiments is still reliable.

 

Figure 2. The schematic diagram of SPIV measurement and the wind axis coordinate system.

3. Numerical Methodology

3.1. Large Eddy Simulation

The commercial CFD code StarCCM+ by Siemens PLM, based on the finite volume
method, was utilized to conduct the LES simulations presented in the paper. The filtered
Navier–Stokes equations are as follows:

∂ρ

∂t
+∇ · (ρṽ) = 0 (1)

∂

∂t
(ρṽ) +∇ · (ρṽ ⊗ ṽ) = −∇ · p̃I +∇ · (T̃ + TSGS) + fb. (2)

Here, ρ is the density, ṽ is the filtered velocity, p̃ is the filtered pressure, I is the
identity tensor, and fb is the resultant of the body forces. T̃ is the filtered stress tensor
due to molecular viscosity, and TSGS = 2μtS − 2

3 (μt∇ · ṽ)I is the sub-grid-scale stress,
where S is the strain rate tensor and is computed from the resolved velocity field. The
sub-grid scale turbulent viscosity μt must be described by a sub-grid scale model that
accounts for the effects of small eddies on the resolved flow, and the dynamic Smagorinsky
model proposed by Germano [40] and modified by Lilly [41] is used here. This approach
has shown good performance for a variety of complex marine flows of fully appended
submarines [31,37,42–44].

As for the discretization of the governing equations, time integration was performed
using a semi-implicit, second-order, two-point backward differencing scheme. Convec-
tive fluxes were reconstructed using multi-dimensional, cell-limited linear interpolation,
whereas diffusive fluxes were reconstructed using a combination of central-difference
approximations and gradient face interpolation to minimize the non-orthogonality error.
The coupling between the velocity and pressure was achieved by means of the classic
PISO (Pressure Implicit with Splitting of Operators) algorithm, and the algebraic multigrid
method was employed to accelerate the solution convergence.

3.2. Computational Domain and Boundary Condition

Figure 3 shows the cylindrical computational domain; the domain has a length of 4L
and a radius of L, and extends from L upstream of the front of the hull to 2L downstream
of the stern of the hull, to model a fully developed wake. Free-stream boundary condi-
tions are imposed at the inflow and radial boundaries, and a pressure-outlet boundary
condition is imposed at the outflow boundary. The no-slip wall treatment is used for shear
stress specification.
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Figure 3. The computational domain.

3.3. Computation Mesh

In this subsection, three sets of grids are designed for the convergence study. The
simulation domain is discretized using the unstructured hex-dominant grid (trimmer
mesher, Octree grid), and a prism layer mesher is used for the generation of a boundary
layer mesh with the dimensionless wall distance y+ ≈ 1 for all grid sets. The refinement
ratio of grids in three directions is

√
2, as recommended by the International Towing Tank

Conference [45]. The corresponding grid numbers are 3.30 × 107, 8.62 × 107, and 2.28
× 108, respectively, and the three grid codes are G1 to G3, respectively. All numerical
simulations are carried out by parallel processing in CSSRC (China Ship Scientific Research
Centre) with 50 nodes (2400 processors). The time needed to finish a simulation with 228
million cells is about 30 days.

Figure 4 shows a diagram of the basic grid arrangement and the intuitive comparison
of grid spatial resolution around the hydroplanes and sail under different grid sets. For
capturing the flow field more accurately, a local volumetric control block was established
around the submarine to control the surrounding grid size. Care was taken to resolve
the initial vortex formation and roll-up of the free shear layer, and to avoid the rapid
dissipation of the vortex structure in the wake of the sail, hydroplanes, and X-rudder; local
volumetric control blocks were also established around these appendages for more refined
volume mesh control. There is an angle of approximately 5.5 degrees between the blocks
and the longitudinal axis of the hull in calculations under 10◦ yaw conditions.

 

Figure 4. Grid arrangements for computation.
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4. Results and Discussion

In this section, we initially present results for the qualitative and quantitative com-
parison between the numerical results and experimental results for 10◦ yaw with three
sets of grids, and then under the most refined grid arrangement. The detailed numerical
investigation of the flow around the submarine was conducted under straight-ahead and
10◦ yaw conditions.

4.1. Validation of the Numerical Approach

Figures 5–7 provide a direct comparison of the wake of the cruciform appendage,
including the mean resultant velocity < Uxyz > /U∞, the vertical component of velocity
< Uz > /U∞, and the cross-stream Reynolds stress < uyuz > /U2

∞, where U∞ denotes
the freestream velocity. The experimental results with ReL = 4 × 106 and ReL = 8 × 106

are denoted by Exp. 1 and Exp. 2, respectively. It can be observed that the sail-tip vortex
formed by the rolling up of the wake can be presented by numerical calculations under
all sets of grids. The region of the core flow, defined as a region of vortex flow from its
center to its radial location of maximum swirl, is quite similar to the experimental results,
while the range of the core flow and low-velocity region presents minor differences under
different sets of grids. For the vertical component of velocity, in particular, as the number of
grids increases, the distribution of high/low-velocity regions becomes more concentrated
and obvious, and the numerical results become closer to the experiments. In addition,
the numerical dissipation decreases as the grid number increases, and the capture of the
cross-stream Reynolds stress seems to be more refined.

 

Figure 5. Qualitative comparison of the mean resultant velocity.
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Figure 6. Qualitative comparison of the vertical component of velocity.

 

Figure 7. Qualitative comparison of t velocity cross-stream Reynolds stress.

Figure 8 shows a comparison of the mean resultant velocity figures < Uxyz > /U∞, as
functions of radial distance ry/L from the vortex center, in the horizontal profiles through
the sail-tip vortex. The mean resultant velocity under different grid sets exhibits a consider-
able difference, especially for the region of the core flow, which presents a corresponding
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increase with the grid number’s continuous growth. The core-flow velocity obtained from
numerical calculations exhibits a significant difference at different axial distances from
the bow, but is quite close for the experiments. The core flow obtained in the first set
of grids (G1) has a mean velocity < Uxyz > /U∞ ≈ 1.12 and < Uxyz > /U∞ ≈ 0.91 at
x/L = 0.511 and x/L = 0.815, respectively, with an axial descent rate of 18.8%. It corre-
sponds to < Uxyz > /U∞ ≈ 1.26 and < Uxyz > /U∞ ≈ 1.11, respectively, in G3, with an
axial descent rate of 11.9%. This indicates that numerical attenuation inevitably exists in
the LES simulations with the dynamic Smagorinsky model of the core flow, which is not
advantageous compared to experiments, and can be partly eliminated by the improvement
in the spatial resolution of the grid.

 
(a) (b) 

 
(c) 

Figure 8. (a) x/L = 0.511; (b) x/L = 0.650; (c) x/L = 0.815. Comparison of the mean resultant velocity
under different sets of grids.

Figure 9 shows a comparison of the vertical component of velocity < Uz > /U∞. It
can be seen that the numerical results become gradually closer to the experimental values as
the grid number increases. For the prediction of the peak and valley values, especially, the
results obtained in G3 are quite close to those of Exp. 2, with a relatively higher Reynolds
number. Overall, the relative errors of the peak and valley values in G3 are 10.6% and 4.3%,
respectively, which becomes 13.2% and 14.0% in G2, and 21.6% and 21.1% in G1. It can be
concluded that, with the refinement of the grids, the extreme values can be more accurately
captured in numerical simulations due to the improvement in spatial resolution.
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(a) (b) 

 
(c) 

Figure 9. (a) x/L = 0.511; (b) x/L = 0.650; (c) x/L = 0.815. Comparison of the vertical component of
velocity under different sets of grids.

Figure 10 provides a plot of the comparison of the turbulence kinetic energy k/U2
∞ for

the sail-tip vortex. The distribution of TKE along the radial distance ry/L for all grid sets is
consistent with the experimental results, and the simulations of G3 are more representative
of the experiments, with the relative error of the peak value in the region of core flow being
relatively smaller.

 
(a) (b) 

Figure 10. Cont.
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(c) 

Figure 10. (a) x/L = 0.511; (b) x/L = 0.650; (c) x/L = 0.815. Comparison of the turbulence kinetic energy
under different sets of grids.

Figure 11 summarizes the comparison of the centerline of the sail wake, which is
defined by tracing the boundary <uxuy > = 0 between the positive and the negative Reynolds
stresses. Overall, the sail-wake centerline shifts very slightly windward by no more
than 0.01L, and by refining the grids from G1 to G3, it shifts leeward and closer to the
experiments. The centers of the vortices on the upper hull are listed in Table 1, and their
relative errors to Exp. 2 are listed in Table 2. In the near sail-wake region (x/L = 0.511), the
numerical simulations for all grid sets can define the centers of the vortices well, but as
they evolve downstream, the advantages of refining the grids gradually become reflected.
For the case of G3, the maximum horizontal and vertical relative errors of the vertex
centers at x/L = 0.815 are 7.2% and 1.5%, which is quite satisfactory considering the actual
engineering prediction needs.

 
(a) (b) 

 
(c) 

Figure 11. (a) x/L = 0.511; (b) x/L = 0.650; (c) x/L = 0.815. Comparison of the centerline of the sail
wake under different sets of grids.
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Table 1. Summary of the centers of the vortices on the upper hull.

Measurement Plane Grid Scheme
Sail Tip

Hydroplanes

Windward Leeward

y/L z/L y/L z/L y/L z/L

G1 −0.072 0.141 −0.108 0.161 −0.013 0.123
x/L = 0.511 G2 −0.073 0.141 −0.105 0.161 −0.015 0.121

G3 −0.072 0.141 −0.105 0.159 −0.014 0.123
G1 −0.079 0.136 −0.095 0.173 −0.027 0.109

x/L = 0.650 G2 −0.080 0.136 −0.092 0.171 −0.028 0.109
G3 −0.079 0.136 −0.094 0.169 −0.025 0.110
G1 −0.092 0.130 −0.077 0.169 −0.048 0.094

x/L = 0.815 G2 −0.092 0.130 −0.074 0.163 −0.048 0.092
G3 −0.090 0.130 −0.077 0.165 −0.044 0.093

Table 2. Summary of the relative errors to Exp. 2 of the centers of the vortices.

Measurement Plane Grid Scheme
Sail Tip

Hydroplanes

Windward Leeward

y/L (%) z/L (%) y/L (%) z/L (%) y/L (%) z/L (%)

G1 4.3 −1.9 5.3 1.6 2.7 0.3
x/L = 0.511 G2 5.3 −1.8 2.2 1.9 9.2 −1.6

G3 5.0 −1.9 1.8 0.5 6.7 −0.3
G1 6.5 −1.3 1.0 4.2 12.0 0.4

x/L = 0.650 G2 7.7 −1.4 −2.3 3.0 9.6 −0.4
G3 6.1 −1.1 −0.1 2.0 4.8 1.2
G1 9.0 0.4 −3.7 3.3 7.5 −0.5

x/L = 0.815 G2 9.2 0.3 −7.0 −0.4 6.2 −1.8
G3 7.2 −0.3 −3.5 0.6 −2.5 −1.5

4.2. Analysis of the Evolution of the Flow

An overall conclusion can be drawn that the results of the LES simulations are more
representative of the experiments as the grid spatial resolution is improved, and then under
the most refined grid arrangement, the evolution of the flow under straight-ahead and 10◦

yaw conditions is further analyzed.
Figure 12 presents an overall view of the flow past Joubert BB2 under straight-ahead

conditions in terms of the second invariant of the velocity gradient Q, colored by the mean
resultant velocity < Uxyz > /U∞. At the immediate front of the junctions of the sail root
and the deck, the flow rolls up into a horseshoe vortex system surrounding the sail, the
legs of which develop downstream following the deck. Because of the adverse pressure
gradient at the trailing edge of the sail, the flow gradually develops into turbulence, and
the side vortices are formed and interact with the horseshoe vortex at the root. The side
vortices over the sail cap are transported along the sail edge and then merge with the
sail-tip vortices and dissipate rapidly. The flow over the outer edge of the hydroplanes
induces a pair of hydroplane-tip vortices with opposite circulation, which develop down-
stream independently, then dissipates and disappears at a distance of approximately one
submarine length from the stern. Further, horseshoe vortex, tip vortex, and wake vortex
systems can be observed around the X-rudders. Between the two upper rudders, they
interact with the vortices sweeping down and sideways over the end of the deck, compli-
cating the flow into the propeller disk, which is unstable and the main source of propeller
hydrodynamic noise. Downstream, far away from the hull, all the tip vortices dissipate
and really only the wake vortices, after complicated interaction, dynamically evolve, with
the energy gradually weakening.
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Figure 12. Development of vortex systems past Joubert BB2 under straight-ahead conditions.

Similarly, Figure 13 presents various vortex systems past Joubert BB2 under 10◦

yaw conditions, from perspectives of oblique, top, and side views. It can be clearly seen
that the vortex systems are more complicated. The side vortices on the leeward side of
the sail occur further forward, and the sail-tip vortices are relatively strong enough to
develop far downstream. The same is true for the hydroplane-tip vortices, but they are not
clearly observed downstream because of strong interactions with the sail wake. Figure 14
shows the development of the trajectories of the cores of tip vortices originating from
the cruciform appendage, including the port and starboard hydroplanes and the vertical
sail, under 10◦ yaw conditions. Referring to Akkermans’s work [46], tip vortex tracking
under 10◦ yaw conditions exhibits significant three-dimensional characteristics as the wake
develops downstream. The clockwise rotating sail-tip vortices maintain an axial angle
of approximately 8 degrees with the hull and develop downstream and leeward, and
are almost stable vertically after experiencing a brief downwash immediately behind the
sail. The position of the port hydroplane-tip vortices fluctuates widely, the horizontal and
vertical coordinates of which reach their maximum values approximately at x/L = 1.1 and
x/L = 0.7, respectively, and then experience a sharp drop. Overall, the port hydroplane-
tip vortices develop and revolve around the sail-tip vortices. The development of the
starboard hydroplane-tip vortices is relatively stable, and their core keeps moving towards
the leeward side, with the vertical position gradually rising away from the hull after
passing through a valley at approximately x/L = 1.1, due to the repulsive interaction of the
hull wake.

Under 10◦ yaw conditions, another obvious feature that distinguishes the straight-
ahead conditions is the flow separation on the leeward side of the middle hull. The
upper and lower vortex system can be clearly seen, and the former eventually interacts
with the horseshoe vortex system originating from the sail, while the latter merges into
the wake between the upper and lower rudders. The wake of the submarine becomes
quite complicated, and the flow behind the stern is dominated by the mixing of various
component vortex systems, including the tilted horseshoe vortex system, the upper and
lower hull vortices, the tip vortices, and the wake of the sail, hydroplanes, X-rudders,
and hull.
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Figure 13. Development of vortex systems past Joubert BB2 under 10◦ yaw conditions.

 
(a) (b) 

 
(c) 

Figure 14. (a) The sail-tip vortices; (b) The port hydroplane-tip vortices; (c) The starboard hydroplane-
tip vortices. Trajectories of the cores of tip vortices under 10◦ yaw conditions.
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Figure 15 shows the evolution of the mean vorticity magnitude < ωxyz > rm/U∞ along
the submarine axial, under straight-ahead and 10◦ yaw conditions, where rm = L/(2× 7.3).
The momentum and energy are transported by the development of vortex systems, where
the vortex systems generated by the sail, hydroplanes, deck, hull, and X-rudder pass
present an increase in vorticity, especially for the tip vortices, horseshoe vortices, wake
vortices, and generated hull side vortices, possibly. It can be seen that the instabilities of the
horseshoe-vortex system and its interaction with the hull boundary layer cause the legs to
break up and develop connected vortex loops, which results in the transport of momentum
across the hull and influences the distribution of the vorticity, as mentioned by Fureby [20].
As the vortex structure gradually dissipates downstream, the vorticity gradually decreases,
with the sail-tip vortices and hydroplane-tip vortices being particularly prominent. For
the case of straight-ahead conditions, the obvious vorticity near the sail induced by the tip
vortices of the cruciform appendage quickly decays, quite significantly far away from the
stern for the case with 10◦ yaw. Increased vorticity is also found around and behind the hull
under 10◦ yaw conditions because of considerable interaction between the flow and the
hull. Therefore, the flow-induced noise of submarines under maneuvering conditions has
always been a research highlight in the international hydrodynamics field. As the vortex
systems develop from a concentrated distribution in the near wake region to a dispersed
mode in the far field, in both cases, the vorticity gradually weakens while the coverage
range increases, due to energy conservation.

 

(a) 

 

(b) 

Figure 15. (a) Straight-ahead; (b) 10◦ yaw. Evolution of the mean vorticity magnitude.

Figure 16 shows the evolution of the turbulence kinetic energy k/U2
∞ along the sub-

marine axial, under straight-ahead and 10◦ yaw conditions. The evolution of TKE is quite
similar to that of the mean vorticity magnitude, where the vorticity is concentrated, the
momentum is intense, and the TKE is significant. For the case with 10◦ yaw, it can be
obviously seen that the TKE induced by the sail-tip vortices is stronger than that induced
by the hydroplane-tip, with the same pattern as the vorticity followed. In addition, the
TKE in the wake is strongly influenced by the X-rudder under both conditions, which
exacerbates the velocity fluctuations of the flow and induces additional propeller noise;
thus, the hydrodynamic design of the X-rudder is also a research highlight.
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(a) 

 

(b) 

Figure 16. (a) Straight-ahead; (b) 10◦ yaw. Evolution of the turbulence kinetic energy.

Figures 17–19 show a comparison of the mean resultant velocity < Uxyz > /U∞, the
mean vorticity magnitude < ωxyz > rm/U∞, and the turbulence kinetic energy k/U2

∞,
respectively, for the model-length locations x/L = 0.484, under straight-ahead and 10◦

yaw conditions. A pair of sail-tip vortices with opposite circulation can be found in
straight-ahead conditions, and in the core-flow region, the mean resultant velocity, the
mean vorticity magnitude, and the turbulence kinetic energy were considerably smaller
than those under 10◦ yaw conditions.

 

(a) (b) 

Figure 17. (a) Straight-ahead; (b) 10◦ yaw. Comparison of the mean resultant velocity under straight-
ahead and 10◦ yaw conditions.
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(a) (b) 

Figure 18. (a) Straight-ahead; (b) 10◦ yaw. Comparison of the mean vorticity magnitude under
straight-ahead and 10◦ yaw conditions.

 

(a) (b) 

Figure 19. (a) Straight-ahead; (b) 10◦ yaw. Comparison of the turbulence kinetic energy under
straight-ahead and 10◦ yaw conditions.

In view of the fact that the momentum and energy transported by the sail-tip vortices
under 10◦ yaw conditions were predominant, the flow characteristics of the sail-tip vortices
are further studied below. Figure 20 provides a comparison of the velocity for the sail-tip
vortex under different longitudinal locations, including mean resultant velocity < Uxyz >
/U∞ and the three-dimensional component of velocity < Ux > /U∞, < Uy > /U∞, and
< Uz > /U∞. It can be seen intuitively that, as the wake of the sail-tip vortices develops
downstream, the mean resultant velocity, streamwise velocity, and horizontal velocity show
a gradually decreasing trend, and the fluctuation of the vertical velocity between peak and
valley values gradually weakens. In the near-wake region, where x/L ≤ 0.807, the core
flow exhibits a high-velocity characteristic, while in the far-wake region, the velocity is
smaller than the freestream velocity.
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(a) (b) 

 
(c) (d) 

Figure 20. (a) The mean resultant velocity; (b) The mean streamwise velocity; (c) The mean hori-
zontal velocity; (d) The mean vertical velocity. Comparison of the mean velocity under different
streamwise locations.

Figure 21 shows a comparison of the mean vorticity under different streamwise
locations. The dominant component of the mean vorticity magnitude < ωxyz > rm/U∞
is the streamwise mean vorticity < ωx > rm/U∞, which indicates that the sail-tip vortex
rotates rather faster around the x-axis compared to the other two. The core-flow vorticity
weakens rapidly as the wake develops downstream, while the decay rate gradually slows
down. An interesting phenomenon shows that the distribution of the peaks and valleys of
the vertical mean vorticity < ωz > rm/U∞ changes with the evolution of the flow. In the
near wake region, where x/L ≤ 0.807, the peaks are located on the windward side and the
valleys are located on the leeward side, while in the far wake region, the positions of the
two are exactly opposite.

Figure 22 shows a comparison of the turbulence kinetic energy under different stream-
wise locations. The roll-up from the sail is accompanied by a downwash of the sail-tip vortex
(see Figure 14a), and the normal stress in the vertical component <uxux> is the strongest
contribution to the TKE, as mentioned by Lee [24]. Because of the significant cross-stream,
the normal stress in the horizontal component accounts for the second strongest contribu-
tion, and the normal stress in the streamwise component is the weakest. The strongest TKE
does not occur immediately behind the sail, but approximately in the range of x/L equal to
0.6 to 1.0, where the downwash of the sail-tip vortex is quite intense.
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(a) (b) 

 
(c) (d) 

Figure 21. (a) The mean vorticity magnitude; (b) The mean streamwise velocity; (c) The mean
horizontal velocity; (d) The mean vertical velocity. Comparison of the mean vorticity under different
streamwise locations.

 
(a)  (b)  

Figure 22. Cont.
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(c)  (d)  

Figure 22. (a) The turbulence kinetic energy; (b) The normal stress in the streamwise component;
(c) The normal stress in the horizontal component; (d) The normal stress in the vertical component.
Comparison of the turbulence kinetic energy under different streamwise locations.

5. Conclusions

In the paper, large eddy simulation with the dynamic Smagorinsky model was con-
ducted to investigate the flow field around a fully appended Joubert BB2 submarine model
under straight-ahead and 10◦ yaw conditions. Conclusions acquired from the analysis of
computed results can be summarized as follows.

(1) Three sets of grids under 10◦ yaw conditions were designed to examine the grid
convergence and computational accuracy. As the grid number increased, the numeri-
cal dissipation decreased, and the capture of the vertical component of velocity, the
cross-stream Reynolds stress, seemed to be more refined, especially for the extreme
values, which were more representative of the experiments, with the relative error
of the peak value in the region of core flow being relatively smaller. The numeri-
cal attenuation of the mean resultant velocity of the core flow inevitably existed in
the LES simulations with the dynamic Smagorinsky model, which could be elimi-
nated through the improvement in the grid’s spatial resolution. In the near sail-wake
region, the numerical simulations for all grid sets could define the centers of the
vortices well, but as they evolve downstream, the advantages of refining the grids are
gradually reflected. Overall, through qualitative and quantitative comparison with
experiments under 10◦ yaw conditions, the computational accuracy was verified and
results shown are more representative of the experiments with the improvement in
grid spatial resolution.

(2) A comparison of the evolution of the flow under straight-ahead and 10◦ yaw condi-
tions shows that in the core-flow region, the resultant velocity, vorticity magnitude,
and TKE under straight-ahead conditions were somewhat smaller than those under
10◦ yaw conditions. The side-vortices on the leeward side of the sail occurred further
forward, and the sail-tip and hydroplane-tip vortices were strong enough, relatively,
to develop far downstream under 10◦ yaw conditions. Another obvious feature that
distinguishes the straight-ahead conditions is the flow separation on the leeward
side of the middle hull; the wake of the submarine becomes quite complicated, and
the flow behind the stern is dominated by the mixing of various component vortex
systems, including the tilted horseshoe-vortex system, the upper and lower hull vor-
tices, the tip vortices, and the wake of the sail, hydroplanes, X-rudders, and the hull
under 10◦ yaw conditions. But downstream, far away from the hull under straight-
ahead conditions, all the tip vortices dissipated, and only the wake vortices, after
complicated interaction, dynamically evolved, with the energy gradually weakening.
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(3) The tip vortex tracking under 10◦ yaw conditions exhibited significant three-dimensional
characteristics compared to those under straight-ahead conditions. Under10◦ yaw con-
ditions, sail-tip vortex tracking maintained an axial angle of approximately 8 degrees
with the hull, and was almost stable vertically after experiencing a downwash im-
mediately behind the sail. The port hydroplane-tip vortices developed and spiraled
around the sail-tip vortices, while the core of the starboard hydroplane-tip vortices
kept moving towards the leeward side, with the vertical position gradually rising
away from the hull after passing through a valley at approximately x/L = 1.1, due to
the repulsive interaction of the hull wake.

(4) The resultant velocity, vorticity magnitude, and TKE showed a gradually decreasing
trend as the wake of the cruciform appendage developed downstream. Under 10◦

yaw conditions, the core-flow exhibited a high-velocity characteristic, in which the
peaks of mean vorticity magnitude were located on the windward side in the near
wake region, while in the far wake region, the velocity was smaller than the freestream
velocity and the valleys of mean vorticity magnitude were located on the windward
side. The strongest TKE did not occur immediately behind the sail, but approximately
in the range of x/L equal to 0.6 to 1.0, where the downwash of the sail-tip vortex was
quite intense.
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Nomenclature

CFD Computational fluid dynamics SUBOFF
Submarine Technology Program
Office

CSSRC China Ship Scientific Research Centre T̃ Filtered stress tensor

DARPA
Defense Advanced Research Projects
Agency

TSGS Sub-grid-scale stress

DES Detached eddy simulation TKE, k Turbulence kinetic energy, m2/s2

DNS Direct numerical simulation < Ux > Mean streamwise velocity, m/s

DSTO
Defense Science and Technology
Organization

<uxux>
Normal stress in the streamwise
component, m2/s2

Exp. 1 Experimental results with ReL = 4 × 106 < Uxyz > Mean resultant velocity, m/s
Exp. 2 Experimental results with ReL = 8 × 106 < Uy > Mean horizontal velocity, m/s

fb Resultant of the body forces <uyuy>
Normal stress in the horizontal
component, m2/s2

G1 Most coarse grid set <uyuz>
Cross-stream Reynolds stress,
m2/s2

G2 Median grid set < Uz > Mean vertical velocity, m/s

G3 Most refined grid set <uzuz>
Normal stress in the vertical
component, m2/s2

I Identity tensor U∞ Freestream velocity, m/s
L Model length, m ṽ Filtered velocity
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LES Large eddy simulation x Streamwise coordinate, m
o Coordinate origin y Horizontal coordinate, m
ONR Office of Naval Research y+ Dimensionless wall distance
p̃ Filtered pressure z Vertical coordinate, m

PISO
Pressure implicit with splitting
of operators

PIV Particle image velocimetry Greek symbols
RANS Reynolds averaged Navier–Stokes μt Sub-grid scale turbulent viscosity
ReL Reynolds number ρ Density
rm Model radius, m < ωx > Mean streamwise vorticity,/s
ry Radial distance, m < ωxyz > Mean vorticity magnitude,/s
S Strain rate tensor < ωy > Mean horizontal vorticity,/s
SPIV Stereo particle image velocimetry < ωz > Mean vertical vorticity,/s
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Abstract: The density of the ocean is unevenly distributed along the depth direction, showing a
stratified structure. When there is an external disturbance, large-scale internal solitary waves are
easily generated. The internal solitary waves are bounded by the intermediate pycnocline, and
the currents in the upper and lower layers will flow in opposite directions. This generates strong
shear forces that threaten the safety of marine structures. In this paper, the flow field distribution
characteristics of a cylinder under the action of internal solitary waves at different scales are analyzed
as a research object. The whole cylinder is discretized into 40 regions, and the horizontal force applied
to each section of the cylinder is extracted. The force characteristics of the cylinder are analyzed. It is
concluded that the pressure is the main factor determining the magnitude of the total combined force.
In addition, the paper extracts the main flow structures from the modal decomposition point of view
and explains the reasons affecting the force behavior of the cylinder.

Keywords: internal solitary waves; force; cylinder; modal decomposition

1. Introduction

Differences in temperature and salinity cause the density of the ocean to be distributed
differently among the depth layers. When there are external disturbances, such as currents
and the motion of ships, the interfaces between the layers are easily disturbed, causing
fluctuations. These fluctuations are called internal solitary waves (ISWs). The ISW has
a pycnocline as its interface, above and below which the current flows in the opposite
direction. This produces strong underwater shear effects, like a “big pair of scissors”,
that threaten the safety of marine structures [1]. In addition, ISWs are characterized by
large amplitude, high energy, difficult to dissipate, and widely distributed throughout the
world’s oceans. This indicates that the encounter of marine structures with ISWs is frequent
and dangerous. Therefore, it is of great engineering value to conduct research on the forces
acting on marine structures under the action of ISWs [2].

Cylinders are the basic component form of offshore structures such as Spar, columns
of tension-leg platform (TLP), and deep-sea oil drilling rigs [3]. Therefore, understanding
the flow field characteristics of cylinders in ISWs is of great importance for the smooth
operation of offshore oil and gas development projects. To this end, Wei et al. [4] fabricated
a wavemaker capable of generating nonlinear large-amplitude ISWs in a large-section
stratified liquid tank. The interaction characteristics between ISWs and cylinders were
revealed by accurately measuring the small changes in the ISW force applied to the cylinders
in the tank. Wang et al. [5] carried out experiments related to the action of ISWs on
vertical cylinders in a stratified-flow tank. The effect of wave amplitude on the flow
field characteristics of the cylinder was investigated. Wang et al. [6] studied the pressure
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distribution around the cylinder under the action of ISWs by means of a large eddy
simulation method. It was revealed that vortex is an important factor affecting the pressure
resistance of the cylinder in the ISW.

In addition to understanding the flow field distribution characteristics of the cylinder
in ISWs, it is also important to be able to accurately calculate the loads exerted on the
cylinder by ISWs to ensure the safety of marine structures. Cai et al. [7] introduced the
Morison formula and gave the empirical coefficients in the Morison formula based on the
surface wave theory. In their paper, they calculated the ISW on the vertical cylindrical
horizontal force and its moment, which showed the non-negligible effect of ISW on the
vertical cylinder. Thereafter, Song et al. [8] investigated the kinematic response of the cylin-
der under the action of ISWs based on the KDV theory in combination with the Morison
formula. LÜ et al. [9] simulated the motion response of a vertical cylinder encountering
different background parabolic currents. The forces on the vertical cylinder during the
process were calculated using the Morison formula.

In all of the above studies, the overall forces on a whole cylinder through the depth of
water or with a large draft were analyzed. However, due to the different flow characteristics
at different depths, especially in different layers, there may be some differences in the force
characteristics of the cylinder along the depth direction. These differences are crucial when
we go to analyze the dynamic response of ISWs traversing the cylinder. Therefore, scholars
have carried out studies on the force characteristics of columns located at different depths.
Si et al. [10] used the generalized KdV (GKdV) model to obtain the vertical distribution of
the horizontal force acting on the cylinder by a large amplitude ISW. They pointed out that
the shear force reaches its maximum at the inflection point of the horizontal flow velocity.
Wang et al. [11] measured the hydrodynamic coefficients of each cylinder section based on
the experimental method. The paper suggested that different empirical coefficients should
be used when calculating the ISW forces in different layers of the structural section. Yu
et al. [12] calculated, compared, and analyzed the interactions between ISWs and a vertical
cylinder using numerical simulations using the eKdV equations as the initial and boundary
conditions. They divided the whole cylinder into six segments and analyzed the force
variation characteristics of each segment when the cylinder spans the ISW.

Although many scholars have studied the force characteristics of the cylinder in ISWs,
the number of segments of the whole cylinder is relatively small, and, in addition, the flow
mechanism is rarely studied. In this study, the whole cylinder is divided into 40 equally
spaced sections. The variation of the lift force and drag force of each section of the cylinder
during the interaction with the ISW is studied separately. It is found that the drag force on
the cylinder is 10 times higher than the lift force. It is proven that the shear phenomenon
induced by the horizontal force is the main cause of the safety hazard of the structures. It is
also found that the horizontal force is mainly caused by pressure, and the horizontal force
induced by wall shear stress is only a small proportion. To explore the flow mechanism, we
extract the main flow modes in the flow field based on the dynamic mode decomposition
method. We analyze the main reasons that trigger the force distribution characteristics of
the cylinder from the perspective of modes.

2. Numerical Methodology

2.1. Continuity and Momentum Equations

Based on the continuity assumption, the Navier–Stokes (N–S) equations include
the conservation of mass and the conservation of momentum, which are expressed by
Equations (1) and (2), respectively [13–15].

∂ρ
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+
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where ρ is the fluid density, t is the time, i (i = 1, 2, 3) is the three directions of the Cartesian
coordinates, xi is the spatial coordinate, u is the flow velocity, p is the pressure, μ is the
kinematic viscosity, and f is the body force.

2.2. Turbulence Model

The SST k-ω model, while retaining its essence, was developed by building upon the
standard k-ω model. By incorporating a blending function, it combines the strengths of
both the k-ε and k-ω models. Specifically, the standard k-ω model is employed in close
proximity to the wall boundaries, whereas the k-ε model is utilized in the boundary layer
edge and fully developed flow regions. This unique approach allows the SST k-ω model
to effectively handle near-wall flows. In addition, the SST k-ω model offers additional
features such as the consideration of rotating reference frames and shear flows, accounting
for the propagation of turbulent shear stresses. Consequently, it exhibits enhanced accuracy
in simulating separation points and the sizes of separation zones induced by pressure
gradients [16,17]. Its transport equations are as follows:
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where Gk and Gω represent the generation of the turbulent kinetic energy and dissipation,
respectively. Γk and Γω represent the effective diffusivity of k and ω, respectively. Yk and Yω

represent the dissipation of k and ω due to turbulence, respectively. Dω represents the cross-
diffusion term, calculated as described below. Sk and Sω are user-defined source terms.

The numerical solution of the governing equations is accomplished through the
utilization of the ANSYS Fluent 2019 commercial software. The SIMPLE algorithm is
used to discretize the equations. For the gradient terms of convection and diffusion, a
least-squares cell-based approach is utilized. The pressure interpolation at cell faces is
carried out using the PRESTO! The second-order implicit scheme is used globally, which
guarantees computational accuracy.

2.3. Modeling of Numerical Tank

To generate the ISW, we first need to build the numerical tank. In the 3D Cartesian
coordinate system, the numerical tank is 12 m long, 0.8 m wide, and 0.8 m deep, as shown
in Figure 1. The corresponding computational mesh structure is shown in Figure 2. In
the real marine environment, along the vertical direction, it can be divided into three
parts according to the density distribution. They are the upper layer, the lower layer, and
the pycnocline in the middle. The density distribution of the upper and lower layers is
more uniform while the density of the middle pycnocline is constantly changing along
the water depth. In this paper, the density of the upper layer is 999 kg/m3 and the depth
is h1. The density of the bottom layer is 1018.5 kg/m3 and the depth is h2. The density
distribution in the pycnocline is specified using the hyperbolic tangent function as seen in
Equation (5) [18].

In this study, we use the gravity collapse method to generate the ISWs. Specifically, a
long rectangular gravitational potential well of length L and depth D was established on
the left side of the tank. The gravitational collapse zone is separated from the rest of the
zone by a gate. A low-density fluid is injected above the gravity collapse region, creating
a height difference at the interface between the two sides of the gate. When the gate is
opened, an initial disturbance in the form of a step is created. At this point, the denser
fluid will sink and the lighter fluid will float under the action of gravity. Thus, the fluid
below the right side moves to the left and the fluid above the left side moves to the right.
This creates a restoring moment that forms an ISW. An ISW is usually unstable when it
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first forms. It takes some time for the interactions between the peaks and troughs of the
wave to adjust and balance, resulting in a more stable wave structure. So, the cylinder is
placed in the center of the tank, which allows the ISW to stabilize for a sufficiently long
period of time. This also eliminates the effects of reflected waves. The diameter of the
cylinder, d, is chosen to be 0.05 m, taking into account the relative size of the actual ISW
to the marine structure. In addition, the interaction of the ISW with the cylinder is an
unsteady process. Therefore, we need to specify the time step in the simulation. The time
step should be chosen to satisfy the Courant–Friedrichs–Lewey (CFL) stability criterion [19].
According to the CFL criterion, the distance traveled in a time step must be less than the
length of a grid. (Δt < min(Δx/|U|, Δz/|W|), where Δt is the time step, Δx is the unit grid
size in the horizontal direction, U is the horizontal velocity, Δz is the unit grid size in the
vertical direction, W is the vertical velocity). In this paper, Δxmax = 0.02, Δzmax = 0.01,
Umax = 0.09, and Wmax = 0.05. Therefore, we choose the time step Δt = 0.01 s, which
satisfies the CFL criterion.⎧⎪⎪⎪⎨⎪⎪⎪⎩
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where z is the vertical position, and ρ1 and ρ2 represent the density of the upper and lower
fluids, respectively. zc is the vertical location of the pycnocline center. The pycnocline
center is obtained by calculating the gradient of the density field. The maximum value of
the gradient represents the position of the center of the pycnocline. dc is the thickness of
the pycnocline.

Figure 1. Schematic diagram of the numerical tank setup.

Figure 2. The computational mesh structure in the domain.

3. Model Verification

In order to avoid the interference of mesh size on the numerical simulation results, we
first need to verify the mesh independence. Specifically, we used 3.08 million, 3.54 million,
and 4.36 million mesh elements to represent coarse, medium, and fine configurations,
respectively. Under the three mesh configurations, we computed and obtained the results
of the ISW flow field generated at a collapse height of 0.1 m. We extracted the ISW troughs
where the wave was located. We extract the horizontal velocity on the vertical profile where
the trough of the ISW is located, and a comparison of the computational results under the
three grid configurations is shown in Figure 3. We find that the horizontal velocities on
the vertical line of the ISW trough computed by the three grids are essentially the same.
Therefore, we use the mesh of the dense case as the mesh. This ensures the accuracy of the

29



J. Mar. Sci. Eng. 2024, 12, 906

numerical simulation. The above mesh-independent analysis can show the accuracy of
our calculations.

Figure 3. Horizontal velocity on the vertical line of the ISW trough for three numbers of mesh elements.

We also compared the computational and experimental results in addition to the
mesh independence analysis. Du et al. [20–22] summarized the relationship between the
gravity collapse coefficient S and the collapse length, height, and upper and lower layer
heights in their experiments, seen in Equation (6). We compared our numerical results with
their experimental results according to their settings of the relevant parameters in their
experiments, seen in Figure 4. The results show that our numerical results are in general
agreement with the experimental data. This shows the accuracy of our calculations.

S =

√
1.5D(h1 − h2)

h2
1h2

2
L (6)

c0 =
√

gh1h2(ρ2 − ρ1)/(ρ2h1 + ρ1h2) (7)

where S represents the gravity collapse coefficient. h1 and h2 represent the height of the
upper and lower fluids, respectively. D represents the gravity collapse height (the vertical
distance between the interfaces on both sides of the gate). L represents the length of the
collapse zone. c0 is the linear long wave velocity. g is the gravitational acceleration. ρ1 and
ρ2 represent the density of the upper and lower fluids, respectively.

Figure 4. Comparison of generated ISW results between CFD and experimental results of Du
et al. [20].

4. Results and Discussions

4.1. Evolution of the Flow Field around a Cylinder in the ISW

We created ISW flow fields with collapse heights of 0.1 m, 0.2 m, and 0.3 m, respectively,
using the gravity collapse method. The velocity distributions in the horizontal direction are
shown in Figure 5. Comparison reveals that the horizontal velocities induced by the ISW
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are bounded by the pycnocline, and the upper and lower layers of fluid move in opposite
directions. The horizontal velocity on the vertical line at the wave trough position is the
largest in the whole flow field. For this reason, the horizontal velocities on the vertical
line at the wave trough position for the three cases are extracted and dimensionless. The
correlation curves are shown in Figure 6. In order to perform the dimensionless treatment,
we introduced the linear long wave velocity c0 as shown in Equation (7). Due to the uniform
thickness of the pycnocline, the horizontal velocity of the ISW gradually increases with the
increase in the collapse height h. The horizontal velocity of the ISW increases gradually.
This leads to a more drastic change in the value of the velocity in the pycnocline. The
analysis of the flow field here provides the basis for the following analysis of the force law
of the column in the internal wave at different scales.

Figure 5. Velocity distribution of ISWs of different amplitudes.

Figure 6. The horizontal velocities on the vertical line at the wave trough position.

In order to explore the evolution law of the flow field around the cylinder in the
ISW, we extracted the results of the time-series flow field of the ISW interacting with the
cylinder at three scales, as shown in Figure 7. We find that the ISW induces an elliptical flow
field with its nucleus located at the wave trough. It rotates clockwise and moves forward.
The tangential direction of the streamlines represents the direction of the velocity at the
local location. Based on the orientation of the streamlines, we can see that the horizontal
velocities of the upper and lower layers are opposite. At the initial stage of the contact
between the ISW and the cylinder, there is almost no backflow on the backflow region of the
cylinder. As time progresses, the backflow area in the backflow region gradually increases
and the value of the wake velocity gradually increases. In addition, after the wave trough
reaches the location of the cylinder, the cylindrical wake gradually becomes chaotic as the
scale of the ISW increases. We can find from the distribution of the streamlines. In addition,
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we also analyzed the change in wavefront and the distribution of shear stress on the wall
of the cylinder when the ISW flows through the cylinder, as shown in Figure 8. There
is a lifting phenomenon of the wavefront at the back of the cylinder. As the scale of the
ISW increases and the time advances, the area of the lifted wavefront behind the cylinder
increases gradually and becomes chaotic. This is the effect of the cylinder on the wave
surface, and in turn, the ISW generates shear stress on the surface of the cylinder. There
will be symmetrical areas of high shear stress from the flow onset point to the separation
point. For the cylinders in the upper and lower layers, the wall shear stresses applied are
in opposite directions. In addition, the wall shear stress distribution in the wake region
gradually becomes chaotic, a behavior caused by the shedding of the wake vortex of
the cylinder.

To further quantitatively analyze the variation of the cylindrical wall shear stress, we
extracted the maximum value of the forward direction and the backward direction of the
cylindrical wall shear stress, which are shown in Figures 9 and 10. The changes in their
values reflect the extreme stress state of the cylinder. We find that both of them have the
trend of gradually increasing to the maximum value and then decreasing. However, the
wall shear stress in the forward direction will be higher than that in the backward direction.
For example, in the case of h = 0.3 m, the peak value of wall shear stress in the forward
direction is 0.214 Pa, while the peak value of wall shear stress in the backward direction is
0.139 Pa. The peak value in the forward direction is 35% higher than in the reverse direction.
This is due to the difference in horizontal velocity values between the upper and lower
layers of the ISW. We also find that there is a fluctuation in the value of the wall shear stress
as the trough of the ISW gradually moves away from the cylinder. The greater the collapse
height h, the more pronounced the fluctuation.

4.2. Force Characteristics of Cylinders in the ISW

In order to investigate the force law of the cylinder in the ISW, we divide the whole
cylinder into 40 segments at equal distances along the vertical direction, and the length of
each segment is 0.02 m, since the horizontal force exerted on the cylinder is the dominant
factor threatening the safety of the cylinder when it interacts with the ISW. Therefore, in this
paper, the horizontal force ensemble is calculated by integrating the pressure and velocity
shear on the surface of the cylinder. The force on the whole cylinder can be viewed as the
sum of the contribution of the force on each segment of the cylinder at the time, i.e., as the
sum of the normal pressure and tangential viscous components [23].

→
F = ∑i −s f ,iPi

→
n→

i
+ ∑i μs f ,ius,i

→
τ i (8)

where sf is the face area, P is the pressure, μ is the dynamic viscosity, us is the velocity shear

at the cylinder surface, h is the distance between cylinder section and bottom boundary,
→
n

is the unit surface normal around the cylinder, and
→
τ is the unit tangential vector along the

velocity direction.
The force on the cylinder is a time-varying process, as the ISW travels through the

cylinder. We extracted the lift force Fl and drag force Fd of the cylinder, the variation of
which is shown in Figures 11 and 12, where Fl is positive vertically upward and Fd is
positive horizontally to the right. For Fl, it exhibits a gradual increase and then decrease in
each of the up and down directions. It can be considered that the cylinder has a tendency
to vibrate up and down. For Fd, the force is realized as an increase and then a decrease, and
the force is always positive. It can be seen that Fd is 10 times greater than Fl. Therefore, the
horizontal force on the cylinder should be more concerned for safety reasons. To analyze
the force details of the cylinder, we further extracted the lift and drag forces applied to each
segment of the cylinder, see Figures 13 and 14. For each segment of the cylinder, the drag
force continues to be much greater than the lift force. In addition, we find that the direction
of the force on each segment of the cylinder is almost the same at all times. Although some
segments of the force are not in the same direction, the shear phenomenon induced by the
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lift force is much weaker compared to the drag force. Therefore, for the structural safety of
the cylinder in the ISW, we should pay more attention to the variation of the drag force in
its horizontal direction.

Figure 7. Horizontal velocity and streamline distribution around the cylinder at different times.
(a–c) show the evolution of the flow field at different moments for gravity collapse heights of 0.1 m,
0.2 m and 0.3 m, respectively.
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Figure 8. The change in wavefront and the distribution of shear stress on the wall of the cylinder
when the ISW flows through the cylinder.
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Figure 9. Maximum value of wall shear stress in the forward direction at different moments of time.

Figure 10. Maximum value of wall shear stress in the backward direction at different moments
of time.

Figure 11. Lift force of the whole cylinder at different moments of time.
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Figure 12. Drag force of the whole cylinder at different moments of time.

Figure 13. Lift force of each segment of the cylinder in the ISWs at different moments of time. (a) Lift
force of each segment of the cylinder in an ISW with h = 0.1 m. (b) Lift force of each segment of
the cylinder in an ISW with h = 0.2 m. (c) Lift force of each segment of the cylinder in an ISW with
h = 0.3 m.
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Figure 14. Drag force of each segment of the cylinder in the ISWs at different moments of time.
(a) Drag force of each segment of the cylinder in an ISW with h = 0.1 m. (b) Drag force of each
segment of the cylinder in an ISW with h = 0.2 m. (c) Drag force of each segment of the cylinder in an
ISW with h = 0.3 m.

We can find that the drag forces on the cylinder are in opposite directions between
the upper and lower layers as it traverses the ISW, which is bounded by the intermediate
pycnocline. As the scale of the ISW becomes larger, the strength of the force on the cylinder
increases. In addition, we can find that the trough of the ISW arrives at the position where
the cylinder is located at t = 12 s. Therefore, the process of the cylinder travelling through
the ISW can be divided into two stages: the cylinder is gradually approaching the trough
from 0 to 12 s; and the cylinder is gradually moving away from the trough from 12 s to 20
s. In the first stage, the distribution of the force characteristics of the cylinder is similar
to the horizontal velocity of the ISW flow field. In the second stage the horizontal force
distribution becomes chaotic, and the larger the ISW scale is, the more chaotic it is.

In order to further analyze the force commonality of the cylinders under different
scales of ISW, we carried out the dimensionless quantification of the horizontal force. The
distribution of the horizontal force after dimensionless sizing is shown in Figure 15. In the
first stage, when the scale of the ISW increases, the force on the cylinders also increases. In
addition, the cylindrical forces in the upper fluid become progressively more complex with
time evolution. In the second stage, the force on the cylinder in the upper fluid becomes
smaller instead as the ISW scale increases. Figure 16 reflects the force behavior of the whole
cylinder in the ISW. We find that the force at h = 0.2 m is consistently larger than the case of
h = 0.1 m. When h = 0.3 m, the force profile of the cylinder changes more complicatedly.
Sometimes it is lower than the previous two cases, but its peak point is higher than the two,
and its trend is consistent with the previous two.
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CF∗ =
2Fx

ρ1U2
maxDH

(9)

where Fx is the horizontal force, ρ1 represents the density of the upper layer, Umax is the
maximum value of transverse velocity, D is the diameter of the cylinder, and H is the total
water depth in the tank.

Figure 15. Temporal variation of dimensionless horizontal forces on the cylinder subjected to ISWs.
(a) Dimensionless horizontal forces on the cylinder in an ISW with h = 0.1 m. (b) Dimensionless
horizontal forces on the cylinder in an ISW with h = 0.2 m. (c) Dimensionless horizontal forces on the
cylinder in an ISW with h = 0.3 m.

Figure 16. Temporal variation of the total combined horizontal forces of the cylinder.
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In addition, we calculated the force on the cylinder under the influence of pressure
to find out the specific reasons that affect the force evolution of the cylinder, as shown
in Figure 17a. Figure 17b represents the total combined force, and Figure 17c represents
the difference between the pressure-induced force on the cylinder and the total combined
force. We use the concept of relative error as shown in Equation (10). After comparison, the
share of viscous shear stress is larger when the combined force is close to zero. However,
most of the time, the pressure-induced horizontal force dominates the total horizontal
force. Therefore, we extracted the pressure distributions at the positions of h = 0.1 m and
cylinder heights of 0.5 m and 0.7 m. The height of 0.5 m corresponds to the lower part of
the pycnocline, and 0.7 m is located in the upper part of the pycnocline. In this way, we can
analyze the pressure variations of the cylinder as it traverses the ISW. For the first stage,
we show the pressure distribution at four moments, t = 4 s, 6 s, 8 s, and 10 s, as shown in
Figure 18. The value of the pressure on the walls of the cylinders gradually increases from
the beginning of the contact of the cylinder with the ISW to the trough until the arrival
of the cylinder at the trough position. The pressure on the upper cylinder is greater than
that on the lower one. This is because the horizontal velocity field induced by the ISW is
different in magnitude between the upper and lower layers. In addition, we can also find
that the pressure extremes appear near the flow separation point on the headward side. The
pressure values in the separation zone on the backflow side of the cylinder also increase
gradually with time. When the cylinder reaches the trough, the evolution of the pressure
distribution on its wall is shown in Figure 19. We can see that the pressure on the head
side is gradually weakened, and the pressure on the back side is gradually strengthened.
When t = 16 s, the pressure on the backflow surface has exceeded the pressure on the
onflow surface. At this time, the direction of the horizontal force on the cylinder is reversed.
Thereafter, the pressure on the backflow surface continues to increase, which leads to a
consequent increase in the horizontal force on the cylinder.

Figure 17. Pressure-induced horizontal forces versus total combined forces. (a) Pressure-induced
horizontal forces. (b) Total combined forces. (c) The difference between the pressure-induced force
and the total combined forces.

RE =

∣∣∣∣ FxP − Fx

Fx

∣∣∣∣ (10)
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where RE represents relative error, Fx is the horizontal force, and Fxp is the pressure-induced
horizontal force.

Figure 18. Dynamic pressure changes on a cylinder as the trough of the ISW gradually approaches.
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Figure 19. Dynamic pressure changes on the cylinder as the trough of the ISW gradually moves away
from it.

4.3. Spatiotemporal Evolution Patterns of Cylindrical Trailing Vortex

In the above article, we found that the horizontal force on the cylinder will show a
certain pattern of change when it crosses the ISW. Previous studies have also shown that
the force on the cylinder is closely related to the shedding phenomenon of its wake [24].
Therefore, we try to analyze the force characteristics of the cylinder from the evolution
characteristics of the cylindrical trailing vortex. We adopt the dynamic mode decomposition
(DMD) method to extract the main modes. These main modes represent the dominant flow
structure in the whole time period [25]. The intrinsic flow of information can be mined by
analyzing its spatial and temporal evolution.
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Before using the DMD method, multiple snapshots of time over a period of time must
be integrated into a two-dimensional matrix [26]. The complete time snapshot matrix is
then divided into two matrices, X X′,.

X = [x1 x2 . . . xm−1]
X′ = [x2 x3 . . . xm]

(11)

Assuming that x is linearly correlated with X′, we can obtain the matrix A. The A
matrix can be calculated by eigendecomposition AΦ = ΦΛ. This step is obtained based on
the low-rank approximation of the data matrix.

X′ = AX (12)

Eigenvalues and eigenvectors are obtained utilizing rank truncation. These eigenval-
ues move forward in time. The state at each time in the original data can be calculated
by the linear combination of DMD modes (columns φk of Φ), eigenvalues (λk = Λkk), and
corresponding modal amplitudes b:

x(t) =
r

∑
k=1

bkφk(ξ) exp(iωkt) (13)

In this study, the interaction of ISWs with the cylinder is an unsteady process. There-
fore, we selected 2000 snapshots. The time interval between two snapshots is 0.01 s. The
total duration is 20 s. In addition, we found that the trough of the ISW arrives at the location
of the cylinder at t = 12 s. Therefore, the whole flow field is divided into two segments with
t = 12 s as discontinuity. For the first segment, we extracted the cylindrical trailing vortex
modes in three scales of ISWs. The lower the corresponding frequency of the mode, the
higher the energy contributed. That is, the order of frequencies determines the order of
modes. For the trailing vortex field around the cylinder under the influence of the three
scaled ISWs, we extract the first three orders of the modes.

In Figure 20, we have extracted two vortex equivalent surfaces for ωy = −0.008 and
ωy = 0.008, respectively, to demonstrate their tailing vortex patterns. The corresponding
time evolution curves for each mode are shown in Figure 21. By comparing the mode
1 distributions for the three cases, it can be seen that the tailing vortex of the cylinder
gradually grows as the ISW scale increases. However, as the ISW scale continues to
increase, the distribution of the tailing vortex in the upper layer of the cylinder becomes
irregular. The time evolution curves also show that the intensity of the tailing vortex
gradually increases when the cylinder is close to the wave trough. The larger the ISW scale,
the stronger and faster the intensity of the tailing vortex grows. This can also be compared
to the force behavior of the cylinder, see Figure 14. In the first stage, as the ISW scale
gradually increases, the force of the cylinder also increases and becomes chaotic. We can
also see that the gradient of the change in force increases. For modes 2 and 3, they represent
the higher frequency features of the flow field compared to mode 1, and the distribution of
mode 2 is similar to that of mode 1. Mode 3 represents the smaller vortexes in the flow field,
which are more complex than the first two modes. However, its total energy content is
much smaller than that of the first two modes. In addition, according to the time evolution
curves, it is found that the amplitude change in the corresponding modes is proportional
to the scale of the internal wave. Moreover, the frequencies of the corresponding modes are
almost the same under the three working conditions.
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Figure 20. Mode distribution of vorticity around the cylinder in the first stage.

Figure 21. Time evolution of different modes in the first stage.
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For the second stage in which the trough gradually moves away from the cylinder, we
similarly extracted the first three orders of modes of the cylindrical trailing vortex during
this process, which are shown in Figure 22. The time evolution curves corresponding to
each mode are shown in Figure 23. Upon comparison, it is found that the trend of the
evolution of the corresponding modes in this phase is exactly opposite to that of the first
phase. In addition, the modal distribution of the vorticity in this stage is very different
from that of the first stage. Taking mode 1 as an example, the wake of the cylinder in the
upper layer gradually becomes chaotic when the trough gradually moves away from the
cylinder. In terms of time evolution, the change in mode 1 is exactly opposite to the first
stage, which is gradually weakened, and the final value comes to the same. And the larger
the ISW is, the stronger the corresponding mode strength is at the same moment, the more
it decreases. The above changes in the cylindrical tailing vortex can exactly confirm the
force manifestation of the cylinder in the second stage in Figure 17. The force distribution
of the part of the cylinder in the upper layer also becomes cluttered with the increase in the
ISW scale. Comparing the performances of the first three stages of modes, we find that the
cylinder can still maintain a stable vortex shedding in the ISW generated at h = 0.1 m. By
the time h = 0.2 m, the vortex shedding of the cylinder becomes extremely unstable. Until
h = 0.3 m, almost no stable vortex shedding appears. This is something we can analyze
against from the dimensionless horizontal force distribution, as shown in Figure 15.

Figure 22. Mode distribution of vorticity around the cylinder in the second stage.
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Figure 23. Time evolution of different modes in the second stage.

5. Conclusions

In this paper, we generate different scales of ISWs based on the gravity collapse
method and analyze the evolution of the flow field around a cylinder. It was found that the
flow field induced by the ISW is an elliptical, clockwise-rotating flow field. Its flow core is
located in the intermediate pycnocline. The ISW flow field is bounded by the pycnocline,
and the upper and lower layers of fluid move in opposite directions. As a result, there will
be a symmetric region of high shear stress from the flow meeting point to the separation
point, and the forces in the upper and lower layers are in opposite directions. With time,
the wall shear stresses in the wake region of the cylinder gradually become chaotic.

In order to investigate the force pattern of the cylinder in the ISW, the whole cylinder
is divided into 40 segments at equal distances along the vertical direction. The horizontal
force ensemble is calculated by integrating the pressure and velocity shear on the surface
of the cylinder. Through our analysis, we found that the force distribution pattern of
the cylinder is consistent with the horizontal velocity of the ISW at the stage when the
wave trough is gradually approaching the cylinder. In the latter half of the stage, the force
gradually becomes chaotic as the cylindrical tailing vortex grows and breaks up. The larger
the scale of the ISW, the more complicated the forces behave. In addition, we demonstrated
that the normal pressure dominates in the total ensemble force, and analyzed the pressure
changes on the cylindrical wall in different stages.

Finally, we extracted the main flow modes in each of the two stages based on the
dynamic mode decomposition. When the ISW scale increased, we analyzed the change in
the trailing vortex flow field of the cylinder in terms of the mode distribution as well as
its time evolution. In addition, we analyzed the flow characteristics in the two phases to
further reveal the change in the flow state as the cylinder crosses the wave trough. More
importantly, we used the flow modes to explain the reasons affecting the force performance
of the cylinder.
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Abstract: Unlike uniform motion, when an object moves underwater with variable speed, it experi-
ences additional resistance from the water, commonly referred to as added mass force. At present,
several methods exist to solve this force, including theoretical, experimental, and simulation ap-
proaches. This paper addresses the challenge of determining the added mass force for irregularly
shaped small objects undergoing variable speed motion underwater, proposing a method to obtain
the added mass force through numerical simulation. It employs regression analysis and parameter
separation analysis to solve the added mass force, added mass, viscous drag coefficient, and pressure
drag coefficient. The results indicate that an added mass force exists during both the acceleration and
deceleration of the object, with little difference between them. Under the same velocity conditions,
significant differences exist in pressure drag forces, while differences in viscous drag forces are not
significant. This suggests that the primary source of added mass force is pressure drag, with viscous
drag having little effect on it. During acceleration, the surrounding fluid accelerates with the object,
increasing the pressure drag with a high-pressure area concentrating at the object’s front, forming an
added mass force that is directed backward. By contrast, during deceleration, the fluid at the object’s
front tends to detach, and the fluid at the rear rushes forward, leading to a smaller high-pressure
area at the front and a larger one at the rear, reducing the pressure drag and forming an added mass
force that is directed forward. By comparing the added mass of a standard ellipsoid obtained from
numerical simulation with theoretical values, the regression analysis method is proven to be highly
accurate and entirely applicable for solving the added mass of underwater vehicles.

Keywords: added mass; added mass force; pressure drag; viscous drag; computational fluid mechanics

1. Introduction

When a rigid body accelerates relative to the surrounding fluid, it experiences addi-
tional inertial forces. That is, if two rigid bodies are moving at the same speed, the one
that is accelerating will be subjected to a greater force from the water. The underlying
reason for this is that when the rigid body accelerates, the surrounding fluid will also
accelerate, as if additional mass was attached to the rigid body, resulting in an increase in
the body’s inertia [1,2]. Added mass, a classical concept in the field of fluids, was proposed
by researchers and has been widely studied for many years. The added mass effect was
discovered by Du Buat in 1786 and Friedrich Bessel in 1828, independently. Added mass is
of fundamental importance in hydrodynamic research [1].

Currently, researchers employ various methods to determine the added mass of objects,
including Analytical and Semi-Empirical (ASE), Experimental Fluid Dynamics (EFD), and
Computational Fluid Dynamics (CFD) approaches [3]. Analytical methods mainly consist
of Strip Theory (ST) and the Equivalent Ellipsoid Method (EMM), which calculate the
added mass based on the object’s geometry. These methods solve for velocity potential
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using boundary conditions and determine the pressure distribution around the object using
Bernoulli’s equation, thus solving for the hydrodynamic forces and moments acting on
the object. ST divides the object into a finite number of transverse two-dimensional slices,
solving for the added mass by integrating slice values along the length of the object [4].
In EMM, different parts of the object are assumed to be equivalent ellipsoids, and the
velocity potential is solved using the Laplace equation, thereby obtaining the added mass
of each equivalent ellipsoid. By integrating the added mass of different parts in a specific
direction, the added mass in that direction can be solved [5]. Overall, ASE methods are
only suitable for objects with simple shapes, as increased complexity can reduce accuracy.
These methods require sufficient experimental data and must consider the complexity of
the object’s shape [6,7].

In EFD methods, researchers have developed numerous experimental techniques
to study added mass, such as free oscillation [8–11] and forced oscillation [12–16]; these
inertia methods, with extensive experimental setups like the Rotating Arm (RA) and Planar
Motion Mechanism (PMM), are being developed [17,18]. Most added masses are currently
analyzed from the hydrodynamic characteristics of oscillation, but new methods for solving
added mass, such as PIV testing and trajectory tracking, have emerged [19–21], which can
solve the added mass of deformable objects. EFD methods are the most direct way to solve
added mass, with relatively mature related technologies. However, they are not suitable
for very large or small objects. On one hand, large sizes can affect the implementation of
related experiments; on the other hand, small sizes can lead to significant errors, affecting
the resulting accuracy. Moreover, due to the need for special facilities and equipment
(e.g., PMM) to generate an object’s acceleration, these methods are not only costly but also
time-consuming.

CFD includes two methods for estimating added mass: the first is based on potential
flow assumptions, including the Panel Method (PM), Boundary Element Method (BEM),
and Finite Element Method (FEM). Many researchers have used PM [22–25], BEM [26–30],
and FEM [31,32] to predict the added mass coefficients of objects. In practice, the viscosity
of the fluid around the object can reduce the accuracy of the results obtained from these
assumptions. The second approach uses commercial CFD software (https://link.springer.
com/article/10.1007/s11804-010-9009-9, accessed on 28 March 2024) to simulate dynamic
testing processes like PMM and RA. In these simulation methods, the RANS equations
are solved in the computational domain, considering the effect of fluid viscosity. With
the continuous development of commercial CFD software, numerous related studies have
emerged [33–39], making this method a supplementary approach to experimental testing.

In recent years, the added mass effect has received increasing attention and research [40–44].
With the continuous development of marine technology, underwater vehicles are evolving
toward miniaturization, possessing advantages such as compact size, agile movement, low
resistance, good concealment, and low noise. They play an important role in intelligence
gathering, target tracking and striking, monitoring enemy actions, and cluster warfare, with
a very broad prospect for military applications [45–51]. Due to the flexible and variable
movement of miniature underwater robots, with constantly changing directions and speeds,
the added mass effect becomes more significant and is an important factor that cannot
be ignored. On the other hand, with the continuous exploitation of marine resources
and advancements in underwater visual capabilities, underwater robots equipped with
multi-degree-of-freedom manipulators will continue to emerge. They can perform targeted
collection and exploration of marine resources, and the irregular motion of the manipulators
and underwater robots will also generate significant added mass forces. Therefore, there
is an urgent need to find a simple, quick, and convenient method to solve for added
mass. With the continuous advancement of numerical simulation technology, several
studies have applied this technique to complex fluid dynamics analysis [52–54]. This paper
employs numerical simulation as a means, combined with effective data analysis methods,
to analyze and study the added mass of objects in variable speed motion underwater.
Compared to existing methods, the approach proposed in this paper does not require
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complex theoretical derivations and assumptions. It relies on the dependency relationship
between fluid resistance and motion variables, utilizing a large number of data samples to
solve mechanical parameters. This method is not only simple, understandable, and easy to
operate, but it also maintains good analytical precision under the premise of ensuring the
accuracy of simulation results. All of these indicate that this method is applicable to the
actual mechanical analysis of underwater vehicles, simplifying the analysis process and
significantly shortening the analysis cycle.

2. Methods

As previously mentioned, when a rigid body moves underwater linearly with variable
speed, it experiences an additional force known as added mass force. In laminar flow
conditions, an object moving underwater at a constant speed is subject only to viscous drag
and pressure drag. Therefore, the water resistance experienced by an object in variable
speed motion can be decomposed into the viscous drag and pressure drag corresponding
to the current speed of motion, in addition to the extra added mass force. Pressure drag is
caused by the difference in fluid pressure between the front and back surfaces of the rigid
body. Viscous drag, also referred to as wall shear stress, is induced by the viscosity of the
fluid. When a rigid body moves underwater, the viscous fluid rubs against the surface of
the body, hindering its movement and forming viscous drag. Generally, for small objects
moving at low speeds, the viscous drag is dominant, while for large objects moving at high
speeds, the pressure drag predominates. The viscous drag is approximately proportional to
the first power of the relative speed between the object and the fluid, whereas the pressure
drag is approximately proportional to the square of their relative speed. These two types of
drag exist during the motion of the rigid body, regardless of whether the motion is uniform.

The third type of force, the added mass force, is an additional force that arises due
to the variable speed motion of the object in the fluid. When two identical objects move
through a fluid at the same speed, the one accelerating experiences greater fluid resistance.
The difference between the two is referred to as the added mass force. This phenomenon
occurs because, when an object accelerates in a fluid, the surrounding fluid will also
accelerate due to frictional forces. The inertial force of this portion of the fluid acts back
on the object, making it more difficult for the object to accelerate. This effect appears as
if the mass of the object has increased, and this additional mass is referred to as added
mass. Figure 1 demonstrates the drags acting on a rigid body under three distinct motion
conditions. From the figure, it is evident that pressure drag and viscous drag consistently
act in opposition to the direction of motion. Conversely, the added mass force opposes the
direction of the rigid body’s acceleration. The computational formula for fluid resistance is
provided in Equation (1), while Equation (2) delineates the relationship between the added
mass force and the added mass itself.

Fdw = Fdp + Fdv + Fam (1)

where Fdw represents the total resistance experienced by an object moving underwater (N);
Fdp denotes the pressure drag on the object during uniform motion (N); Fdv is the viscous
drag on the object during uniform motion (N); Fam indicates the added mass force acting
on the object (N).

Fam = m∗a (2)

where m* represents the added mass (kg); a is the acceleration of the object (m·s−2), with
the constraint that the fluid is either stationary or moving at a constant speed.
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Figure 1. Resistance encountered by an object during underwater motion. (a) Accelerating motion;
(b) decelerating motion; (c) uniform motion.

Currently, numerous papers have introduced methods for determining added mass
from both experimental and simulation perspectives. For regular objects, added mass
can be obtained through theoretical derivation. However, for smaller, irregularly shaped
objects, which also tend to have less mass, it is challenging to ascertain their added mass
during underwater motion through experimental and theoretical derivation methods. The
numerical simulation methods available at present are also somewhat cumbersome.

To address the challenges encountered in the solution process mentioned above, this
paper proposes a solution based on CFD simulation methods for determining the added
mass of irregularly shaped small objects. The methodological schematic is shown in
Figure 2, with the specific steps outlined as follows:

(1) Based on three-dimensional models of a standard ellipsoid and an irregular object, the
fluid domain mesh is partitioned. The Fluent 19.2 software is utilized to simulate the
process of a standard ellipsoid and an irregular object undergoing variable acceleration
movement underwater.

(2) The fluid resistance curve is fitted using the least squares method, with the model’s
speed and acceleration (v, a) as independent variables, and the total water resistance
(Fdw) as the dependent variable. The specific fitting function is shown in Equation (3).
This method is primarily based on the components of Fdw, by utilizing a large set of
sample data to solve the three parameters â, b̂, and ĉ.

Fdw = Fdb + Fam = Fdp + Fdv + Fam = âv2 + b̂v + ĉa (3)

where Fdw represents the total water resistance experienced by the model during
its motion (N); Fdb denotes the water resistance acting on the model during motion,
excluding the added mass force (N); Fam is the added mass force (N); â, b̂, and ĉ are
constants to be determined through fitting; v is the speed of the model (m·s−1); a
represents the acceleration of the model (m·s−2).

(3) Based on the components of Fdb and the relationship between Fam and m*, the values
of C1, C2, and m* can be determined, as shown in Equations (4)–(6).

C1 =
b̂

μL
(4)

C2 =
2â

ρSW
(5)

m∗ = |ĉ| (6)

where C1 and C2 are the coefficients for the viscous drag and pressure drag, respec-
tively, and can be considered constants within a certain range of Reynolds numbers;
μ is the dynamic viscosity of water (Pa·s); L is the characteristic length scale; ρ is the
density of water (kg·m−3); SW is the model’s maximum cross-sectional area facing the
flow (m2).
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(4) As a method of verification in contrast to process (2), this step employs the parameter
separation method to solve for the three parameters â, b̂, and ĉ. Seven sets of uniform
motion simulations are added. According to the cause of the added mass force, by
comparing the water resistance of each group with that of the same speed during
the acceleration process, the added mass force under the accelerated state can be
obtained. From the relationship graph between the seven sets of added mass forces and
acceleration, the parameter |ĉ|, which represents the added mass of both the standard
ellipsoid and irregular object, can be obtained. Similarly, during the simulation
process, viscous drag and pressure drag data at different speeds are extracted. By
understanding the relationship between the viscous drag or pressure drag and the
speed, parameters â and b̂ can be solved.

(5) By comparing the differences between the added mass of the standard ellipsoid and
its theoretical values, the accuracy of the methods used in processes (2) and (3) can be
assessed, thereby obtaining a reasonable approach to solving for added mass.

 

Figure 2. Schematic diagram of the method for solving added mass.

3. Numerical Simulation Methodology

3.1. Governing Equation

This numerical simulation, targeting the process of the underwater variable speed
motion of objects, is classified as viscous incompressible single-phase flow, adhering to the
laws of mass conservation and momentum conservation. The fluid control equations can
be provided by the mass conservation of Equation (7) and the momentum conservation of
Equation (8).

∂ρ
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∂x
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+
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(8)

where ρ represents the fluid density (kg·m−3); μ is the dynamic viscosity of the fluid (Pa·s);
p denotes pressure (pa); vx, vy, vz are the components of the velocity vector (m·s−1); fx, fy,
fz are the components of the volume force’s unit vector.

In this numerical simulation, the fluid medium water is considered incompressible, with
ρ being constant. Thus, the continuity equation can be obtained as shown in Equation (9).
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∂vx

∂x
+

∂vy

∂y
+

∂vz

∂z
= 0 (9)

3.2. Solution Model Selection

When an object moves underwater, the resistance acting on it typically depends on
numerous factors, including the density and dynamic viscosity of the fluid, as well as the
object’s own geometric shape, surface characteristics, and velocity. The Reynolds number
(Re) plays a crucial role in determining fluid flow characteristics and resistance [55], as
shown in Equation (10). The values of density and dynamic viscosity of liquid water at
different temperatures are presented [56], as shown in Table 1.

Re =
ρLv

μ
(10)

where ρ represents the density of the fluid (kg·m−3); v is the relative velocity of the object
with respect to the fluid (m·s−1); μ is the dynamic viscosity of the fluid (Pa·s); L denotes
the characteristic length of the object (m).

Table 1. Values of the density and dynamic viscosity of liquid water at different temperatures.

Temperature/◦C Density ρ/kg·m−3 Dynamic Viscosity μ/10−6 Pa·s
20 998.2336 1002.0
25 997.0751 890.3
30 995.6783 797.5
35 994.0635 719.5

In this numerical simulation, the minimum and maximum velocities of the model mov-
ing underwater are 0.04 m/s and 1.4 m/s, respectively, with the characteristic length of the
model being 36 mm. Assuming the temperature of the water is at room temperature, 25 ◦C,
the range of Reynolds numbers (Re) during the model’s motion is from 1613 to 56,445. This
indicates that both laminar and turbulent flow states exist during the model’s movement.

In Fluent software, five main categories of turbulence models are provided, including
the Spalart–Allmaras model, k-ε models (further divided into the standard k-ε model, RNG
k-ε model, and k-ε model with turbulence correction), k-ω models (further divided into the
standard k-ω model and pressure-corrected k-ω model), the Reynolds Stress Model (RSM),
and Large Eddy Simulation (LES). The first four methods obtain flow field data by solving
the Reynolds-averaged Navier–Stokes (RANS) equations, a method that averages over time
to eliminate the effects of vortices, known as the RANS method. LES is an intermediate
method based on Direct Numerical Simulation (DNS) and RANS. In LES, coarse large-scale
vortices are simulated using DNS, while smaller-scale vortices are modeled using RANS,
requiring a relatively high mesh quality. DNS is a numerical solution method based on the
Navier–Stokes equations that fully resolves every vortex in the fluid. This method is the
most accurate in terms of computation but also the most resource-intensive.

In this numerical simulation, due to the relatively small size of the model and the mod-
erate Reynolds number, the RANS method was chosen. Within the RANS methodologies,
the Spalart–Allmaras model is designed for aviation applications, primarily focusing on
wall-bounded flows. Among the k-ε models, the standard k-ε model is intended for high
Reynolds number flows. The RNG k-ε model offers an analytical formula that accounts for
low Reynolds number flow viscosity. Both the turbulence-corrected k-ε model and the RNG
k-ε model exhibit better performance than the standard k-ε model in conditions of strong
streamline curvature, vortices, and rotation. In the k-ω models, the standard k-ω model
is based on the Wilcox k-ω model, modified for low Reynolds numbers, compressibility,
and shear flow propagation. The SST k-ω model integrates cross-diffusion from the ω
equation and takes into account the turbulent shear stress propagation, offering higher
accuracy and reliability than the standard k-ω model. The RSM model rigorously accounts
for streamline bend, vortices, rotation, and rapid changes in tension, providing higher
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accuracy for complex flows. However, pressure tension and dissipation rates are the main
factors that can reduce the prediction accuracy of the RSM model. It is necessary to use the
RSM model when considering the anisotropy of Reynolds stresses, such as in hurricane
flows, secondary flows in pipes, etc. Consequently, for this numerical simulation, the RNG
k-ε model was selected.

3.3. Mesh Division of Fluid Computational Domain

The smaller the mesh size, the finer the calculation domain will be divided, and the
more accurate the simulation results will be. However, an excessive number of meshes can
significantly extend computation time, resulting in the wastage of computational resources.
By densifying the mesh in areas where the flow changes abruptly and appropriately and
increasing the mesh size in areas with less significant changes, accurate simulation results
will also be achieved. The computational domain in this numerical simulation is divided
into four fluid regions: Fluid 1, Fluid 2, Fluid 3, and Fluid 4, as illustrated in Figure 3.

The entire fluid domain is cylindrical, and the hybrid mesh is employed, with un-
structured mesh used to densify the surrounding area of the model, while structured
mesh is used in other areas. Among these, the cylindrical fluid domain around the model
is Fluid 4, which is designated as a dynamic mesh area using unstructured tetrahedral
meshes. The fluid domain behind Fluid 4 is Fluid 1, and the fluid domain in front of it is
Fluid 2. Dynamic layering is used to update the mesh in these areas. During the model’s
motion, the mesh in the Fluid 1 area will stretch, and the mesh in the Fluid 2 area will
compress. When stretching or compression reaches a set value, the mesh in that area will
be updated and reorganized. The peripheral fluid domain of Fluid 1, Fluid 2, and Fluid
4 is Fluid 3, which serves to connect the wall and the inner fluid areas. Fluid 1, Fluid
2, and Fluid 3 all utilize hexahedral meshes. To ensure the accuracy of the numerical
simulation, the mesh of the cylindrical fluid domain Fluid 4 is densified around the model,
while the meshes in other fluid domains are relatively sparse, which can somewhat shorten
the computation time. The mesh parameters for each fluid domain are shown in Table 2.
The data in the table indicate that the mesh quality exceeds 0.2 for all cases, meeting the
computational requirements.

Figure 3. Division of mesh in the fluid computational domain.
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Table 2. Detailed mesh parameters.

Region Mesh Size/mm Number of Elements Mesh Quality

Ellipsoid Surface 0.3–0.5 10,866 >0.58
Fluid 4 0.5–4 2,783,156 >0.65
Fluid 1 4–10 5152 >0.75
Fluid 2 4–10 64,400 >0.75
Fluid 3 10–14 14,560 >0.9

3.4. Solution Method

In this simulation, the numerical discrete method adopted a pressure-based incom-
pressible PISO algorithm, the transient time dispersion method adopted the Euler implicit
format, the gradient term dispersion method adopted the Green–Gauss node-based format,
and the pressure dispersion method adopted the body force weighted format. The fixed
time step length is set according to the maximum speed of the object. A User-Defined Func-
tion (UDF) is employed to capture instantaneous data on the resistance and coordinates
of the object moving underwater at each time step. The viscous drag and pressure drag
are extracted every 10 time steps through defined Commands and Macros. To achieve
the underwater variable speed motion of the model, the simulation process uses UDFs
to assign velocities to the model, with the movement speeds of the standard ellipsoid
and irregular model presented in Table 3. Additionally, the fluid surrounding the model
is stationary.

Table 3. Movement speeds of the standard ellipsoid and irregular model.

Model Variable Acceleration Process Velocity/m·s−1 Uniform Motion Process Velocity/m·s−1

standard ellipsoid v = 1.36 sin(πt) + 0.04(0 s ≤ t ≤ 1 s) v = 0.2, 0.4, 0.6, 0.8, 1, 1.2, 1.4
irregular model v = 1.36 sin(πt) + 0.04(0 s ≤ t ≤ 1 s) v = 0.2, 0.4, 0.6, 0.8, 1, 1.2, 1.4

4. Result Analysis and Discussion

4.1. Fluid Resistance Change Characteristics during Variable Speed Process

As depicted in Figure 4a, within the acceleration phase, the object starts with a velocity
of nearly zero, and the initial acceleration is at its maximum positive value. As the accelera-
tion continues, the velocity of the object reaches its peak, while the acceleration gradually
decreases to zero. Upon entering the deceleration phase, the object’s velocity gradually re-
duces, eventually nearing zero, as the negative value of the acceleration increases, reaching
its maximum negative value by the end of the deceleration phase. Overall, the curve of
the velocity is symmetrical about the t = 0.5 s axis, and the acceleration change curve is
symmetrical around the coordinate point (0.5, 0).

As shown in Figure 4b, the relationship between acceleration and velocity can be
approximately described as follows: the greater the absolute value of the acceleration, the
lower the object’s velocity, and conversely, the smaller the absolute value of the acceleration,
the higher the object’s velocity. This facilitates the distinction between pressure drag,
viscous drag, and added mass force during the object’s variable speed movement.

From Figure 4c, it is evident that during the acceleration phase, the standard ellipsoid’s
pressure drag is significantly higher than its viscous drag, and the maximum difference
approaches 6 mN, which is approximately 50% of the viscous drag. However, upon entering
the deceleration phase, the pressure drag decreases rapidly, whereas the reduction in the
viscous drag is relatively slow; at around 0.75 s, the pressure drag equals the viscous drag,
after which the pressure drag further decreases, resulting in the pressure drag being 3 mN
less than the viscous drag during the later stages of the deceleration phase. By the end of
the deceleration phase, the pressure drag turns positive, indicating that it has transitioned
from resistance to propulsion. During the deceleration phase, the pressure drag changes by
approximately 22 mN, while the viscous drag changes by about 15 mN. This reveals that
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pressure drag is more sensitive to changes in the direction of the acceleration. Similarly,
during the initial phase of the acceleration phase, the difference between the pressure drag
and viscous drag for an irregular object is minimal. Subsequently, the difference between
the two continues to increase; during the later phase of the deceleration phase, the pressure
drag is notably less than viscous drag, and the difference reaches its maximum value of
3 mN, further illustrating the pressure drag’s greater sensitivity to acceleration direction
changes. Additionally, there are significant differences in the proportion of the pressure
drag and viscous drag between different objects, primarily due to the pressure drag being
largely influenced by the object’s shape.

As Figure 4d shows, the difference in the viscous drag between the acceleration and
deceleration phases is minimal, with only slight variations at lower velocities, whereas
pressure drag exhibits more substantial differences. This indicates that under identical
velocity conditions, the viscous drag remains essentially unchanged, while differences in
acceleration significantly impact the pressure drag.

 
Figure 4. Numerical simulation results of the variable speed process for standard ellipsoid and
irregular model. (a) Velocity and acceleration change curves over time; (b) relationship diagram
between acceleration and velocity; (c) change curves of various resistances over time; (d) change
curves of various resistances with velocity for the standard ellipsoid.

As shown in Figure 5a, the difference in the pressure drag at the same speed points
during the acceleration and deceleration phases for a standard ellipsoid is approximately
twice that of the irregular model, where the velocities are identical, but the directions of
the acceleration are opposite. Since acceleration is the source of added mass force, this
difference is actually caused by the added mass force, indicating that the added mass force
of the standard ellipsoid is approximately twice that of the irregular object. At the end of
the deceleration process, the pressure drag for both the irregular object and the standard
ellipsoid is greater than zero, indicating that the pressure drag is now acting as a propulsive
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force. Despite the forward motion of the object, the direction of pressure drag has shifted
from pointing backward to forward. The differences in the pressure fields during the
motion process will be compared and analyzed in later sections.

Figure 5. Comparison of various resistance forces for standard ellipsoid and irregular model.
(a) Change curve of pressure drag with velocity during uniform and variable speed motion; (b) change
curve of viscous drag with velocity during uniform and variable speed motion; (c) change curve of
total resistance with velocity during uniform and variable speed motion; (d) change curve of added
mass force with velocity during variable speed motion process.

According to Figure 5b, during the acceleration and deceleration phases, the maximum
difference in viscous drag for the irregular object and the standard ellipsoid does not exceed
1.5 mN. After the speed exceeds 0.6 m/s, this difference essentially approaches 0. This
indicates that changes in the direction of the acceleration do not significantly affect viscous
drag, given the same velocity. Since the change in the acceleration direction is a source
of added mass force, it can be inferred that the added mass force is primarily caused by
changes in pressure drag.

Figure 5c reveals that the total resistance curves of both the irregular object and the
standard ellipsoid under uniform motion are positioned approximately midway between
the total resistance curves for the acceleration and deceleration phases. This suggests that
the added mass forces for an irregular object and a standard ellipsoid are basically equal in
value but in opposite directions during acceleration and deceleration processes. The total
resistance during acceleration is greater than that during uniform motion, whereas the total
resistance during deceleration is less than that during uniform motion. This indicates that
the added mass force during acceleration points backward relative to the motion, while the
added mass force during deceleration aligns with the direction of motion.

As shown in Figure 5d, the added mass force for the standard ellipsoid and the
irregular object during the acceleration and deceleration processes demonstrates excellent
consistency, indicating that the added mass remains essentially constant between the two
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variable speed processes. However, at the initial stage of the acceleration, the added mass
force for both the standard ellipsoid and the irregular object is higher. The reason may be
that, when the acceleration begins, the surrounding fluid is stationary, and the object must
overcome the fluid’s inertia to accelerate forward together. This results in greater resistance
faced by the object, which is then added to the added mass force, leading to a higher added
mass force at this stage. Upon entering a stable period during the acceleration phase, the
added mass force exhibits good consistency.

4.2. Comparison of Pressure and Velocity Fields during Acceleration and Deceleration Phases

As shown in Figure 6, a1 to a6 represent the pressure contours of a standard ellipsoid
during the acceleration phase, while d1 to d6 are those during the deceleration phase.
Both the ellipsoids in Figure 6(a1,d1) have the same velocity, with the directions of the
velocity pointing to the right. The directions of the acceleration are opposite, with rightward
pointing considered positive and leftward negative. This condition also applies to other
figures with the same numbering. As the sequence number increases, the velocity of the
ellipsoid continuously increases, while the absolute value of the acceleration decreases.

From Figure 6(a1,d1), it can be observed that under conditions of a lower velocity
and a higher absolute acceleration value, the accelerating ellipsoid exhibits a large high-
pressure area at the front, with no significant positive pressure area at the rear. Conversely,
the decelerating ellipsoid shows no prominent high-pressure area at the front but forms
negative pressure areas on both shoulders. This indicates that due to the ellipsoid’s
deceleration, the fluid acting on the front maintains a certain velocity due to inertia,
leading to fluid detachment from the ellipsoid’s head, thus reducing the pressure there.
A significant high-pressure area forms at the rear of the ellipsoid, suggesting that fluid
continuously flows toward the ellipsoid from behind, creating a high-pressure area at the
rear and generating vortices on both sides of the tail.

With an increasing velocity and a decreasing absolute acceleration, the difference in
the high-pressure area at the front of the ellipsoid becomes less noticeable, indicating that
the increase in velocity significantly reduces the impact of the acceleration on the front high-
pressure area. For the ellipsoid in deceleration, the high-pressure area at the rear is larger,
highlighting a more pronounced effect of the acceleration on the rear high-pressure area.

As shown in Figure 7, a1 to a6 are the velocity contours of a standard ellipsoid during
the acceleration phase, and d1 to d6 are for the deceleration phase. In Figure 7(a1,d1),
the ellipsoids have the same velocity, with the directions of the velocity pointing to the
right. The directions of the acceleration are opposite, with rightward pointing considered
a positive value and leftward a negative value. This condition applies similarly to other
figures with matching sequence numbers. As the sequence number increases, the velocity
of the ellipsoid continuously rises, and the absolute value of acceleration decreases.

Figure 7(a1) reveals that at lower speeds, for the ellipsoid in acceleration motion, the
fluid at its front is squeezed away and flows toward the rear, forming a subtle velocity
vortex in the middle and reconverging at the tail. Figure 7(d1) shows that at lower speeds,
for the ellipsoid in deceleration motion, there is a significant difference in the velocity
field compared to during the acceleration, with a large area of high-speed fluid at the
tail continuously converging on both sides of the tail and merging with the fluid flowing
from the front to form a velocity vortex. The high-speed fluid rushing forward extends to
the middle of the ellipsoid. This rushing fluid is precisely the primary source of added
mass force during deceleration, while the difference in the velocity field at the front is less
noticeable, indicating that the change in the acceleration direction has a more pronounced
impact on the flow field at the rear of the object.
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Figure 6. Pressure contours for the standard ellipsoid during acceleration and deceleration movements.
(a1–a6) are the pressure contours for acceleration; (d1–d6) are the pressure contours for deceleration.

As the velocity increases and the absolute value of the acceleration decreases, the de-
celerating ellipsoid no longer forms a velocity circulation at the tail but forms a small-scale
velocity circulation at the waist, and the velocity circulation becomes increasingly smaller.
The difference in the velocity field at the tail of the ellipsoids between acceleration and
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deceleration motions becomes less noticeable, suggesting that the increase in velocity and
the decrease in the absolute value of the acceleration reduce the impact of the acceleration
direction change on the rear velocity field.

 

 

Figure 7. Velocity contours for the standard ellipsoid during acceleration and deceleration move-
ments. (a1–a6) are the velocity contours for acceleration; (d1–d6) are the velocity contours for
deceleration.

As depicted in Figure 8, the characteristics of the pressure distribution at the head and
tail of an irregular object are similar to those of ellipsoids. At lower velocities and greater
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absolute values of acceleration, the irregular object undergoing acceleration has a larger
high-pressure area at its head and a smaller one at its tail, which is the opposite of the
pressure distribution during the deceleration, and the reason is as previously described.
With the increase in the velocity and the decrease in the absolute value of the acceleration,
this difference in the flow field gradually becomes less pronounced. A distinction from
the pressure distribution of ellipsoids is the asymmetrical pressure distribution on both
shoulders caused by a geometric asymmetry.

 

 

Figure 8. Pressure contours for irregular object during acceleration and deceleration movements.
(a1–a6) are the pressure contours during acceleration; (d1–d6) are the pressure contours during deceleration.
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As illustrated in Figure 9, due to the geometric asymmetry of an irregular object, when
the velocity is low and the absolute value of the acceleration is high, the velocity distribution
is noticeably asymmetrical. Fluid on both sides of the irregular object’s tail tends to
converge more easily on the side with a gentler slope, forming a velocity recirculation with
the outwardly retreating fluid, while no velocity recirculation is formed on the side with
a steeper slope, indicating that there is less forward-moving fluid on that side. As the
velocity increases and the absolute value of acceleration decreases, the forward-moving
fluid continuously diminishes, causing this asymmetrical distribution of the velocity field
to gradually become more similar.

 

 

Figure 9. Velocity contours for irregular object during acceleration and deceleration movements.
(a1–a6) are the velocity contours during acceleration; (d1–d6) are the velocity contours during deceleration.
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4.3. Least Squares Method for Fluid Resistance Regression Analysis

From the previous text, it is known that viscous drag is approximately proportional
to the first power of velocity, pressure drag is approximately proportional to the square
of velocity, and added mass force is approximately proportional to acceleration. Based
on the proportional relationships between these three forces and their respective motion
variables, the total resistance curve shown in Figure 4c was analyzed using the least squares
regression analysis, as demonstrated by the calculation formula in Equation (3). The
regression analysis was conducted for the total resistance during the acceleration cycle
(Acc. cycle), the deceleration cycle (Dec. cycle), and the entire variable speed cycle (En.
cycle). The fitting results are shown in Figure 10, and the diagram indicates that there are
significant differences between the fitting curves at point A for the acceleration cycle and the
entire variable speed cycle. Additionally, there are connectivity issues between the fitting
curves for the acceleration and deceleration cycles at points B and C. The corresponding
coefficients â, b̂, and ĉ are shown in Table 4. The data in the table reveal some discrepancies
in the total resistance regression analysis results for the acceleration phase compared to
the other two groups, characterized by larger values for â and ĉ and a smaller value for
b̂. This is mainly due to the fact that at the initial stage of acceleration, the surrounding
fluid is stationary, and the object experiences greater pressure drag, while the viscous
drag remains relatively low, leading to differences in the parameters. Subsequently, the
coefficient regression analysis results in the table will be compared and analyzed with the
results obtained from the parameter separation method to verify the accuracy of solving
parameters using the least squares regression analysis.

 
Figure 10. Fitting results of the curve of water drag.

Table 4. Fitting results of the fluid resistance curve during variable speed motion.

Number
i Model Time Range (s)

Fdw = âv2 + b̂v + ĉa (mN)
R2 RMSE

10−4âi b̂i ĉi

1
Standard ellipsoid

[0.004, 0.5] −12.40 −5.713 −1.0440 0.9997 1.608
2 [0.5, 1] −10.29 −8.808 −0.9502 0.9999 1.226
3 [0.004, 1] −10.94 −7.835 −0.8759 0.9997 1.991
4

Irregular model
[0.004, 0.5] −8.749 −2.270 −0.5463 0.9994 1.478

5 [0.5, 1] −7.229 −4.531 −0.4084 0.9997 1.275
6 [0.004, 1] −7.397 −4.240 −0.3860 0.9993 1.820
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4.4. Parameter Separation Method for Fluid Resistance Regression Analysis

To verify the accuracy of the parameters solved by least squares regression analysis,
this study utilizes data on viscous drag and pressure drag from a standard ellipsoid and an
irregular object during uniform motion, along with total resistance data from both uniform
and variable speed motions. The parameter separation method is then applied to conduct
regression analysis on coefficients â, b̂, and ĉ.

As shown in Figure 11a, the change curves of the pressure drag Fdp with respect to v2

for both the standard ellipsoid and the irregular object exhibit good linearity, indicating
that the pressure drag is proportional to the square of the velocity, i.e., Fdp = kdpv2, where kdp
is the slope of the curve. From the components of the total resistance Fdw, it is known that
â = kdp. The linearity of the viscous drag Fdv with respect to v for the standard ellipsoid and
the irregular object is slightly poorer, containing nonlinear components. However, since
the pressure drag of the standard ellipsoid is significantly greater than its viscous drag,
the nonlinear components of Fdv with respect to v can be disregarded. In contrast, for the
irregular object, the difference between the viscous drag and pressure drag is not significant,
so the nonlinear components of Fdv with respect to v cannot be ignored. Therefore, when
conducting the regression analysis using the parameter separation method, the nonlinear
components were retained, as shown in Table 5.

Since the added mass force is generated by the variable speed motion of an object,
a body in uniform motion is not affected by an added mass force. Therefore, to separate
the added mass force, we just subtract the total resistance during uniform motion from
the total resistance during variable speed motion. As shown in Figure 11b, the change
curves of the added mass force Fam with respect to the acceleration a for both the standard
ellipsoid and the irregular object exhibit good linearity, with larger deviations only in areas
of higher acceleration. As indicated by Figure 4b, this corresponds to the initial stages of the
acceleration phase, and the reasons for the increased added mass force have been explained
previously. Thus, it can be considered that the added mass force is proportional to the
acceleration, i.e., |Fam| = kam|a|, where kam is the slope of the curve. From the components
of the total resistance Fdw and the direction of the added mass force, it is known that
ĉ = −kam. This allows for the separation and solving of the three parameters â, b̂, and ĉ, and
the results are presented in Table 5.

By comparing the values of parameters â, b̂, and ĉ in Tables 4 and 5, it can be observed
that the values of â, b̂, and ĉ obtained through the parameter separation method are closer
to the data in groups 3 and 6 of Table 4, especially with very small errors in ĉ. This indicates
that performing regression analysis on the total resistance data for the entire variable speed
cycle using the least squares method can yield fairly accurate values for the added mass,
with certain errors present in â and b̂. Specifically, the discrepancy between âdp for the
irregular object in Table 5 and â6 in Table 4 is significant, mainly due to the nonlinear term
of the velocity v in the viscous drag Fdv and the closeness of the viscous drag to the pressure
drag. If the nonlinear term is taken into account, then the regression parameter â for the
pressure drag of the irregular object in Table 5 should be equal to âdv + âdp, and finally, the
values are no longer significantly different. This shows that performing regression analysis
on the resistance data for the entire variable speed cycle using the least squares method
can achieve a certain degree of accuracy for the coefficients of pressure drag and viscous
drag. In practical engineering applications, the least squares method can be used for rapid
preliminary regression analysis of the total resistance data throughout the entire variable
speed cycle. Subsequent validation with several sets of resistance data under uniform
motion conditions can then provide accurate coefficients for pressure drag, viscous drag,
and added mass.
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Figure 11. Relationships between various resistances and motion variables for standard ellipsoid and
irregular model. (a) Relationships between viscous drag or pressure drag and velocity; (b) relationship
between added mass force and acceleration.

Table 5. Functional equations of trend lines l1~l6 in Figure 11.

Model
Curve

Number
Mechanical

Variable (mN)
Functional
Equation

Parameter Value

Standard ellipsoid

l1 Fdv Fdv = b̂v b̂1 = −8.3571
l3 Fdp Fdp = âv2 â1 = −9.6062

l5 Fam
|Fam| = k̂am|a|

Fam = ĉa
k̂am1 = 0.8556

ĉ1 = −k̂am1 = −0.8556

Irregular model

l2 Fdv Fdv = b̂v + âdvv2 b̂2 = −3.5306
âdv = −3.0396

l4 Fdp Fdp = âdpv2 âdp = −4.9459

l6 Fam
|Fam| = k̂am|a|

Fam = ĉa
k̂am2 = 0.3822

ĉ2 = −k̂am2 = −0.3822

4.5. Theoretical Comparison

To verify the accuracy of the two analytical methods, the theoretical added mass of
the ellipsoid was calculated. According to reference [57], when the ellipsoid accelerates
along its major axis, its added mass can be calculated using Equation (11).

m∗ =
α0

2 − α0
× 4

3
ρπab2 (11)

α0 =
1 − e2

e3 (ln
1 + e
1 − e

− 2e) (12)

where m* represents the added mass of the ellipsoid; ρ is the density of water; a and b are
the major and minor axes of the ellipsoid, respectively; e is the eccentricity of the ellipsoid
cross-section through the axis of symmetry.

The results of regression analysis using the least squares method and the parameter
separation method indicate that the added mass of the ellipsoid is 0.8759 g and 0.8556 g,
respectively. Meanwhile, the theoretical value of the ellipsoid’s added mass calculated
through the formula is 0.8679 g. The relative errors of the two calculated added masses are
0.92% and −1.42%, respectively. This demonstrates that the added mass obtained through
both methods exhibits good accuracy.
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5. Conclusions

This paper conducted numerical simulations on both standard ellipsoid and irregular
objects undergoing variable and uniform motion underwater. The changing characteristics
of the various drags were analyzed, and the least squares method was proposed for
calculating the added mass. The accuracy of this method was verified using parameter
separation regression analysis and theoretical solutions.

The analysis of fluid resistance change characteristics during the variable speed process
reveals that changes in the direction of acceleration significantly affect the pressure drag
but have a negligible impact on the viscous drag. This indicates that the source of added
mass force is primarily the changes in the pressure drag. During the deceleration process,
the direction of the added mass force aligns with the direction of motion, acting as a
propulsive force.

The analysis of differences in the pressure fields during acceleration and deceleration
processes shows that the distribution of high pressure at the head and tail of the ellipsoid
presents opposite phenomena. This is because, during the deceleration process, the sur-
rounding fluid continues to flow forward due to inertia, leading to a tendency for the fluid
at the head to detach, while the fluid at the tail has a tendency to surge forward. As the
velocity increases and the absolute value of acceleration decreases, this difference in the
pressure field becomes less pronounced.

The analysis of differences in velocity fields during acceleration and deceleration
processes indicates that, at lower speeds, for the ellipsoid undergoing deceleration, there
is a significant presence of high-speed fluid at the tail, which continuously converges
toward both sides of the tail and merges with the fluid flowing from the front to form
a velocity vortex. These forward-moving fluids are precisely the primary sources of the
added mass force during deceleration, while the difference in the velocity field at the head
is less pronounced. This demonstrates that changes in the direction of acceleration have a
more noticeable impact on the flow field at the rear of the object.

The regression analysis using both the least squares method and the parameter sep-
aration method indicates that conducting a least squares regression analysis on the total
resistance throughout the entire variable speed cycle can yield relatively accurate added
mass values, consistent with the results of the parameter separation method. By comparing
these values with the theoretical value of the added mass for the ellipsoid, the relative
errors of the added mass solved by these two methods are only 0.92% and −1.42%. This
demonstrates that utilizing the least squares method for parameter analysis can achieve
relatively accurate results.
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Abstract: The combined release of artificial reefs in different quantities and arrangements leads
to different flow field effects. This study designs a small trapezoidal artificial reef. To optimize
the quantity and layout of these reefs, trapezoidal reefs in three different layouts were selected for
analysis at five different velocity gradients (0.1, 0.5, 1.0, 1.5, and 2.0 m/s). The effects of disposal
spacing and layout on the flow field effect of trapezoidal artificial reefs at different flow velocities
were simulated using Ansys Fluent. According to the findings: after simulation, flow velocity could
indirectly reflect the distribution of upwelling and back eddy, the scale and strength of upwelling
increased as flow velocity increased, and the back eddy showed no obvious variation with flow
velocity. In transverse combination mode, both the scale and strength of the upwelling and back eddy
were maximized when the reef spacing was 1.0 L; in longitudinal combination mode, upwelling and
back eddy reached maximum scale and strength when the disposal spacing of the reefs was 1.5 L of
a single reef. In 2020, flow mapping and fishery surveys were carried out in the engineering pilot
area. The results showed that the number and species of fish populations with 1.5 L spacing in the
vertical combination method were significantly higher than those in other forms, and the structure
of the fish reef was stable without any flipping or sliding phenomenon. This study can provide
a theoretical reference for the design and the actual deployment of artificial reefs to improve the
ecological restoration of the water.

Keywords: ocean engineering; artificial reef; effect of flow field; numerical simulation; ecological restoration

1. Introduction

With the rapid development of urbanization in China, a lot of industrial and domestic
wastewater is being discharged into the ocean, leading to serious offshore environmental
pollution. At present, frequent red tides are strong signals of the impact this pollution
is having. Artificial reefs can form a protective biological circle, creating a harmonious
and mutually beneficial ecological environment. This will help promote biodiversity, both
by circulating nutrients and by creating symbiotic relationships between different marine
creatures and the environment. Artificial reefs can provide various microorganisms with
substrates, forming a natural ecosystem. Upwelling, streamline flow, and eddies formed
by the reef area also favor the water cycle, meaning the regional ocean environment will
improve as time passes.

Artificial reefs as foundational structures have been widely used in marine ranches,
which have been vigorously developed in China in recent years [1,2]. Artificial reefs are
artificial constructs deployed in the corresponding sea areas, and are used to create marine
ranches. This helps improve the habitat for aquatic organisms, regulates and optimizes
the ocean environment, and provides marine organisms with places to forage, shelter,
grow, develop, and propagate. All of this plays a role in increasing and enhancing fishery
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resources [3–5]. As an effective method for protecting marine biodiversity and promoting
the restoration of coastal habitats, the deployment of artificial reefs plays an important
role in changing ocean flow fields. The use of artificial reefs will change the particle
size distribution of marine sediments, which in turn favors the accumulation of marine
organic matter [6–8].

Research has shown that the proportion of fish species (as a portion of all marine
organisms) improves in sea areas where artificial reefs have been deployed. This indicates
that the reefs exert a significant positive effect on the density of fishery resources [9,10].
By a process of investigation, it has been found that trapezoidal artificial reefs have a
good ecological effect on shallow sea areas. These types of reef are able to change the
concentration of bacterial species present in the deployment area, thus significantly reduc-
ing the abundance of sulfur-oxidizing bacteria while increasing that of Woeseia oceani and
desulfurizing bacteria [11]. The deployment of artificial reefs will also influence the flow
field of the surrounding waters and significantly change the local water flow distribution;
this includes flow velocity, turbulence models, and sediment conditions, providing fish
with a suitable habitat [12]. Changing the flow velocity near the reefs is an important factor
in increasing the presence of fish, and is related to reef shape and layout [13]. Waters where
artificial reefs are deployed are relatively shallow and located in the mixed layer of the
upper ocean. The momentum, heat, and flux of material exchange are all controlled by
turbulent vertical mixing at this boundary layer [14]. Therefore, investigating the flow
field effect of artificial reefs is a key factor when evaluating their performance, and is
one that has a direct impact on the scale of construction of artificial reefs and on their
subsequent evaluation.

Many studies on the flow field effect of artificial reefs have been carried out in China
and overseas [15–18], with the flow fields displaying very unsteady characteristics [19–21].
The flume experiment was first used to investigate the flow field effect of artificial reefs,
and as computer technology has developed, numerical simulation has also been widely
used [22,23]. Various studies have verified these results, concluding that numerical simu-
lation can accurately reflect the flow field distribution around artificial reefs [24,25]. The
flow field effect of artificial reefs is influenced by many factors, such as the structure of a
single reef, the reef combination model used, and the disposal spacing [26]. The structural
design of the artificial reef has a significant effect on the flow field effect of a single artificial
reef, which can be effectively improved by optimizing the reef structure [27]. At present,
porous trapezoidal or rectangular artificial reefs are suitable for shallow sea areas due to
their good stability, high water permeability, and large effective side air volume; they also
favor the survival of aquatic animals, plants, and microorganisms. The direct deployment
of reefs in shallow waters will maintain a natural link to the water–sediment interface on
the seabed and favor a good link to the ecological chain throughout [28]. The structure
and flow field of large artificial reefs have been studied throughout the world, but the
flow velocity, upwelling, and back eddy of small trapezoidal artificial reefs with different
layouts and different flow velocities have not been systematically analyzed. Therefore,
numerical simulations of small trapezoidal artificial reefs with different layouts are needed
to reflect the effects of disposal spacing on the flow field around them. This will provide
a theoretical basis for the design, actual deployment, and ecological restoration of small
trapezoidal artificial reefs.

According to the characteristics of shallow waters, this paper designed a small trape-
zoidal artificial reef with a porous structure, suitable for use in shallow waters with small
flow velocity. This reef can also generate upwelling on the approaching flow surface of
the reef to transport the nutrient salts from the bottom upwards, thus promoting the mass
propagation and growth of all kinds of food organisms and providing good habitats, feed-
ing and breeding sites for fish and other organisms. Fish will also be able to cluster together
to form a fishery and achieve a similar ecological effect to that provided by large reefs. This
study designs a small trapezoidal artificial reef, while Ansys Fluent 2021 R1 is used as the
flow field analysis software. The flow field around reefs with disposal spacing using the
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ratio method is then investigated to analyze their flow field distribution characteristics. This
can provide a theoretical reference for the design and the future deployment of trapezoidal
artificial reefs.

2. Materials and Methods

2.1. Governing Equation

The CFD (computational fluid dynamics) method is used in this study. The compress-
ibility of the fluid and changes in temperature are not taken into account. The governing
equations include the continuity and momentum equations.

The continuity equation of fluid follows the law of conservation of mass. The equation
can be expressed as:

∂Ui
∂xi

= 0 (1)

where Ui is the average velocity component and xi is the Cartesian coordinate.
The governing equation obtained according to Newton’s second law is used in the

flow field as the momentum equation. The momentum equation can be expressed as:

∂Ui
∂t

+ Uj
∂Ui
∂xj

= −1
ρ

∂P
∂xi

+
∂

∂xj

[
ν

(
∂Ui
∂xj

+
∂Uj

∂xi

)]
−

∂u′
iu

′
j

∂xj
+ fi (2)

where t is the time, ρ is the density, P is the pressure, u′
i is the velocity fluctuations due

to turbulence, ν is the kinematic viscosity, u′
iu

′
j is the Reynolds stress term, f is the body

force such as gravity acceleration. The Reynolds stress term is introduced in the Reynolds
averaging process and is expressed as:

−ρui
′uj

′ = μt

(
∂Ui
∂xj

+
∂Uj

∂xi
− 2

3
∂Uk
∂xk

δij

)
− 2

3
ρkδij (3)

where μt = ρCμ
k2

ε is the eddy viscosity; Cμ is a constant. δij is the Kronecker delta; k is the
turbulent kinetic energy.

2.2. Turbulence Model

The ocean waters are large, the flow pattern is complex, and there are more eddies, so
the RNG k − ε turbulence model, which is more widely used in engineering, is adopted
to close the Reynolds averaged equation, and this model can effectively simulate the
turbulent flow with a more homogeneous distribution and smaller turbulence structure,
and it is suitable for the study of the flow field effect of the artificial fish reef body. In this
model, the effects of small scales can be reflected by reflecting the small-scale effects in the
large-scale motions and the modified viscosity term, so that these small-scale motions are
systematically removed from the control equations. At the same time, the model takes into
account the effects of eddies and low Reynolds number on turbulence, which improves
the accuracy of calculations in the presence of swirling flows, and is particularly suitable
for describing the environment of complex flows in the ocean with large strain rate shear
flows, with swirling and separation. It satisfies the following governing equations [29]:

The transport equation for turbulent kinetic energy k is:

∂(ρk)
∂t

+
∂(ρUik)

∂xi
=

∂

∂xj

[(
μ +

μt

σk

)
∂k
∂xj

]
+ Pk + Pb − ρε + Sk (4)

where σk is the turbulent Prandtl number, Pk is the production of turbulent kinetic energy
(TKE) due to average velocity gradient, Pb is the production of TKE due to buoyancy, is the
dissipation rate, and Sk is the source.
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The transport equation for turbulent dissipation rate ε is:

∂(ρε)

∂t
+

∂(ρUiε)

∂xi
=

∂

∂xj

[(
μ +

μt

σε

)
∂ε

∂xj

]
+ C1ε

ε

k
(Pk + C3εPb)− C2ερ

ε2

k
+ Rε + Sε (5)

where σε is the turbulent Prandtl number; Sε is the source. C1ε, C2ε are model coefficients

that vary within k − ε turbulence models. In Equation (5), Rε =
Cμρη3(1−η/η0)

1+βη3
ε2

k , where

η = Sk/ε, S = (2SijSij)
1/2, Sij =

1
2 (

∂Ui
∂xj

+
∂Uj
∂xi

). In the RNG k− ε turbulence model, σk = 1.0,
σε = 1.2, Cμ = 0.0845, C1ε = 1.42, C2ε = 1.68, C3ε = 0, η0 = 4.337, β = 0.012.

In this paper, the finite volume method is used to discretize the control equations,
SIMPLEC algorithm is used for pressure–velocity coupling, standard difference format
is used for pressure term processing, second-order upward format is used for spatial
discretization of equations, the residual value of calculation is taken to be 10−5, and an
unstructured mesh is used to simulate the hydrodynamic characteristics of the square reef
numerically, to study the hydrodynamic characteristics of trapezoidal artificial reefs of
different layout forms and its changing law under the action of different flow velocities.

2.3. Reef Model

The flow field experiment for trapezoidal reefs featured three different layouts, each
of which was composed of 1 or 5 trapezoidal reefs. They refer to single reef, transverse
combination reefs, and longitudinal combination reef. The reef structures are shown in
Figure 1. Five actual flow velocities (0.1, 0.5, 1.0, 1.5, and 2.0 m/s) in the water were selected
according to gradient designs of maximum flow velocity and experimental flow velocity
in the reef-deployed waters. The specifications of the simulated reef were consistent with
those of the actual model. The specific size was 0.7 × 0.5 m (length × height), with a
bilateral hole diameter of 0.2 m, while the wall thickness was 0.05 m.

2.4. Computational Domain, Boundary Conditions, and Meshing

The length of the computational domain was 30 times the length of the reef, its width
was 10 times the reef length, and its height was 6 times the reef length, i.e., 21 × 7 × 4.2 m
(Figure 2), where the fore-reef was 10 times the reef length and the bottom of the reef
overlapped with the computational domain. Firstly, it was supposed that the bottom
is transverse and has not been washed over, with no need to consider the existence of
creatures in other waters; secondly, it was supposed the initial flow velocity and flow
direction of the incoming flow are constant; finally, it was supposed that the reef remains
stable and does not roll or slide [30–32]. Velocity inlet boundary conditions were used to
define the inlet boundary on the left side of the computational domain. In consideration
of the average velocity conditions of the actual artificial reef-deployed waters, five water
flow velocities were selected for simulation. The right side outlet boundary was set as the
pressure outlet condition, while the bottom surface of the computational domain and the
reef surface featured no-slip wall boundary conditions. Both side and top surfaces of the
computational domain adopted symmetrical boundary conditions.

Meshing was performed on the computational domain using the Fluent Mesh module.
All meshes were unstructured tetrahedral meshes. In order to increase computational
accuracy, the center of the reef bottom was taken as the center; local mesh encryption was
performed in the range of a circle, while the minimum mesh precision around the reef
was 0.001 m, namely 1/500 of the height of the trapezoidal artificial reef. There were a
total of 3.12 × 105 partitioned meshes. Meshing was shown in Figure 3. According to the
calculation, the height of the first layer of the reef boundary layer is 0.002, the growth rate
of the boundary layer is 1.1, and the number of layers is 12.
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(a) 

 
(b) 

(c) 

Figure 1. Models of trapezoidal reefs. (a) Structure of trapezoidal artificial reef. (b) Transverse
combination. (c) Longitudinal combination.

2.5. Evaluation Indices and Calculation Method for Flow Field Effect

The flow field efficiency for artificial reefs was evaluated by measuring the scale of
upwelling and back eddy. Researchers have found from comparative analysis of the flow
field effect of commonly used artificial reefs that the difference in concrete conditions has a
great effect on experimental results under the same reef height conditions. They believe
that this could be used to evaluate the upwelling and back eddy effects of reefs in a more
scientific and accurate manner than when using the reef volume method. In this study,
upwelling and back eddy effects were evaluated by comparing the relative upwelling and
back eddy volume obtained from their ratios to approaching flow volume. Therefore, the
inflow direction was taken to be along the X-axis, while the Z-axis was the longitudinal
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direction. X = 0 m was a mid-vertical plane; The volume on both sides of the vertical
plane directly behind the artificial reef, where the ratio of the vertical upward component
velocity of the Z-axis to the inflow velocity, being greater than 10% of the volume, was used
as a measurement index for the upwelling scale. The ratio of flow velocity in the X-axis
direction to the inflow velocity was smaller than 75% of the volume, and was used as a
measurement index for the back eddy scale.

Figure 2. Computational domain of the artificial reef. Note: L is the length of reef model, 0.7 m.

 

Figure 3. Meshing.

In this paper, four indexes, namely the ratio of the maximum upwelling velocity to
the approaching velocity of the reef, the ratio of the upwelling height to the reef height, the
ratio of the upwelling volume to the approaching volume behind the artificial reef, and
the ratio of the back eddy volume to the approaching volume behind the artificial reef, are
used to evaluate the strength of the upwelling and back eddy currents, which also provide
a reliable method for the study of numerical simulation of artificial reefs for evaluating the
effect of the flow field around the reefs.

At present, there is no agreed standard for the selection of calculation data for numeri-
cal simulation, and the selection range of this data has not been definitively described. In
this study, the flow field data of three types of reefs (single reef, transverse combination
reefs with a spacing of 1 L, and longitudinal combination reefs with a spacing of 1 L) at
a flow approach angle of 0◦ and flow rate of 1.5 m/s were selected for analysis, with one
datum saved every second. Based on this, a maximum upwelling velocity could be plotted
(Figure 4). From Figure 4, after 63 s, it can be seen that the maximum upwelling velocity
of the three types of reefs are generally stable, with no significant fluctuations. Therefore,
the data selected for this study were those from the seven consecutive seconds after 63 s,
which were imported into CFD-Post for averaging, after which they could undergo analysis
and comparison.
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Figure 4. Upwelling volume–time curve.

3. Results and Analysis

In this study, the flow field effects of a single reef, a transverse reef combination with
spacing of 0.5, 1.0, 1.5, and 2.0 L, and a longitudinal reef combination with spacing of 0.5,
1.0, 1.5, 2.0, 2.5, and 3.0 L were analyzed using the numerical simulation method, where
L = 0.7 m.

3.1. Flow Field Distribution of a Single Trapezoidal Reef

In order to verify the effectiveness of the numerical simulation and testing of artificial
reefs, a flume was used to test a single artificial reef, and the test results and numerical
simulation results of the reef flow velocity of 1.0 m/s are shown in Figure 5. According
to the above comparison results, it can be seen that the numerical model established in
this paper obtained by the measurement point flow velocity and the physical model of the
artificial reef experiments coincide with the results, which strongly proves that the method
of this paper is selected to establish a numerical computational model to carry out the
study of the dynamic characteristics of artificial reefs under the action of the water flow
is feasible.

Figure 5. Comparison of simulated and experimental values of flow velocity at the measuring point.

(1) Analysis of upwelling characteristics. Figure 6a–c show the scale and strength
of the upwelling of a single trapezoidal reef. It can be seen from the figures that the
maximum upwelling velocity, the ratio of upwelling height to reef height, and the ratio of
upwelling volume to approaching flow volume all increase as the flow velocity increases.
The maximum upwelling velocity increases most rapidly; the upwelling height and volume
increase slightly, while the ratio of the upwelling volume to the approaching flow volume
ranges from 0.60 to 0.85; the upwelling height increases more rapidly as the flow velocity
increases from 1.0 to 1.5 m/s.
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Figure 6. Scale and strength of upwelling and back eddy of a single trapezoidal reef at differ-
ent flow velocities. (a) The variation curve of maximum upwelling velocity with flow velocity.
(b) The variation curve of height of upwelling with flow velocity. (c) The variation curve of upwelling
volume with flow velocity. (d) The variation curve of back eddy volume with flow velocity. Note:
approaching volume refers to the volume of flow velocity in the X-axis direction.

(2) Analysis of back eddy characteristics. Figure 6d shows the scale and strength of
the back eddy of a single three-round-pipe reef. It can be seen from the figure that the back
eddy volume shows a tendency to increase, decrease, and then increase again as the inlet
velocity increases; this reaches a maximum when the flow velocity is 1.0 m/s, before it
decreases again. Generally speaking, though, it shows an increasing trend.

3.2. Effect of Transverse Combination Spacing on Flow Field around the Trapezoidal Reef

Figure 7 shows the numerical simulation results of flow field effect in a transverse
combination of reefs with different disposal spacing at five different flow velocities. Each
index changes as follows: As the disposal spacing increases, the maximum upwelling
velocity, upwelling height, and upwelling volume show a tendency to first increase and then
decrease, reaching their maximum values at a spacing of 1.0 L. The maximum upwelling
velocity and upwelling height also show an insignificant tendency to increase at first
and then decrease under low-velocity constraint conditions. The back eddy volume also
reaches a maximum at a spacing of 1.0 L, but does not change significantly with increased
disposal spacing, approximating the same back eddy volume as that of a single reef. At a
given disposal spacing, and as flow velocity increases, the maximum upwelling velocity,
upwelling height, and upwelling volume increase gradually, with the upwelling volume
showing a consistent change trend with the single reef; the back eddy volume does not
display any obvious change trend. In the transverse combination mode, the scale and
strength of the upwelling and back eddy were greatest at a reef spacing of 1.0 L, meaning
the maximum scale and strength of the upwelling and back eddy were obtained when the
disposal spacing between two unit reefs was 1.0 L.
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Figure 7. Scale and strength of upwelling and back eddy on trapezoidal reefs with transverse
combination spacing at different flow velocities.

3.3. Effect of Longitudinal Combination Spacing on Flow Fields around the Trapezoidal Reef

Figure 8 shows the numerical simulation results for the flow field effect in a longitu-
dinal combination of reefs with different disposal spacing at five different flow velocities.
Each index changes as follows: At a given flow velocity, and as disposal spacing increases,
the maximum upwelling velocity, upwelling height, and upwelling volume all show a
tendency to increase at first and then decrease, reaching their maximum values at a spacing
of 1.5 L. The upwelling volume shows a relatively flat tendency, with a consistent change
trend for a single reef that reaches a maximum at a spacing of 1.5 L. The back eddy volume
behind the reef is smaller than that of a single reef, because the sheltering effect of the
front reef leads to a significant reduction in the function of the one behind. At a given
disposal spacing, and as flow velocity increases the maximum upwelling velocity, the ratio
of upwelling height to reef height and the ratio of upwelling volume to approaching flow
volume also increase gradually, showing a consistent change trend with the single reef; the
back eddy volume does not show any obvious change trend. In longitudinal combination
mode, the scale and strength of the upwelling reached a maximum at 1.5 L; the scale of the
back eddy on the second unit reef was significantly smaller than that for the first reef. This
is possibly because the first unit reef weakens the back eddy on the second one; this means
that a longitudinal layout has a large influence on the back eddy.

3.4. Stability Analysis of Trapezoidal Reefs

In order to stabilize the reef in the water, current force conditions on the different
combinations of trapezoidal reef models were tested by means of model simulation. Pres-
sure distribution of a trapezoidal reef under the impact of water flow. According to the
results obtained, the maximum pressure of the trapezoidal reef is 985 Pa, and the overall
flow pressure is calculated as F by the computer. The current forces for the reef model at
five inflow velocities, specific flow velocities, and force conditions under various working
conditions are shown in Table 1.
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Figure 8. Scale and strength of upwelling and back eddy of trapezoidal reefs with longitudinal
combination spacing at different flow velocities.

Table 1. Current forces exerted on the model at five flow velocities.

1 2 3 4 5

Flow velocity, m/s 0.1 0.5 1.0 1.5 2.0

Current force, KN 0.0368 0.0435 0.0546 0.0767 0.0979

3.4.1. Analysis of Anti-Slide Safety

For the reef not to slide, the maximum static frictional force between reef and seabed
must be greater than the fluid force exerted on the reef itself, and the anti-slide coefficient
S1 > 1. The calculation is as follows:

S1 =
Wμ(1 − ρ/σ)

Fmax > 1
(6)

where W is the weight of the trapezoidal reef model, 1.0916 KN; μ is the maximum static
friction coefficient using the particle size for medium sand (0.60); ρ is the water density,
1025 kg/m3; σ is the weight of the reef per unit volume, 2500 kg/m3; and F is the current
force exerted on the reef. The analytical calculation results are shown in Table 2.

Table 2. Stability analysis for the reef model at five different flow velocities.

1 2 3 4 5

Flow velocity, m/s 0.1 0.5 1.0 1.5 2.0
Current force, KN 0.0368 0.0435 0.0546 0.0767 0.0979

Anti-slide coefficient S1 10.50 8.88 7.08 5.04 3.95
Anti-rolling coefficient S2 15.31 12.95 10.32 7.35 5.76

78



J. Mar. Sci. Eng. 2024, 12, 3

3.4.2. Analysis of Anti-Roll Safety

For the reef not to roll, the resulting moment M1 of the gravity and buoyancy of the
reef must be greater than the maximum moment M2 of fluid force exerted upon it, and the
anti-rolling coefficient S2 > 1. The calculation is as follows [27]:

S2 =
M1

M2
=

W(1 − ρ/σ)lw
Fmaxh0

(7)

where W is weight of the trapezoidal reef model, 1.0916 KN; ρ is the water density, 1025
kg/m3; σ is the weight of the reef per unit volume, 2500 kg/m3; lw is the horizontal distance
between the center of gyration and the center of gravity, 0.035 m; h0 is the height of the fluid
force, 0.0400 m; and Fmax is the current force exerted on the reef. Analytical calculation
results are shown in Table 2.

According to the findings of the force analysis of the reef model under different
working conditions, the current force exerted on the reef increases as the inflow velocity
increases. Its stability also decreases accordingly, but as a whole, the anti-slide coefficient
and anti-rolling coefficient of the reef at different flow velocities are all greater than 1. That
is to say, the reef model is able to maintain its stability in the currents and waves without
sliding or rolling, indicating that the reef model has a reliable structure.

4. Discussion

This study took a trapezoidal reef as an example. A comparative analysis was con-
ducted on changes in flow field around reefs with different disposal spacing based on
the Fluent numerical simulation method, after which an analysis was carried out on the
stability of the reef model in the currents.

To verify the reliability of the numerical simulation method and calculations, the flow
velocity of the longitudinal dam body within the ecological engineering restoration area of
the Yangtze River estuary was measured in September 2020. I used the LinkQuest ADCP
(San Diego, CA, USA) Doppler flow velocity meter to map the flow velocity and flow
pattern around the artificial reef in the artificial reef placement area, which can measure the
flow velocity and direction of each vertical point of the cross section in the watershed, with
an accuracy of 0.01 m/s, and analyze and obtain the maximum upwelling flow velocity
according to the previous criteria on the definition of the upwelling. The experimental
results show that the longitudinal artificial fish reef has a relatively small flow velocity,
significant changes in direction, and complex flow patterns. Analytical calculation results
are shown in Table 3. Comparing and analyzing the experimental test results with the
numerical calculation results in Table 1, it can be seen that the simulation results are
basically consistent with the surveying results, with an error of less than 10%, indicating
the effectiveness and high accuracy of the simulation of artificial fish reef flow patterns.

Table 3. Comparison between simulation and test data of upwelling velocity of an artificial reef.

Velocity of
Flow/(m·s−1)

Maximum
Upwelling Velocity

Simulation
Value/(m·s−1)

Maximum
Upwelling Velocity

Test Value/
(m·s−1)

Error Analysis of
Flow Velocities/%

0.1 0.047 0.051 8.5
0.5 0.230 0.215 6.5
1.0 0.470 0.434 7.6
1.5 0.680 0.619 8.9
2.0 0.830 0.872 5.1

The simulation results show that, in the transverse combination mode, the scale and
strength of the upwelling and back eddy were greatest at a reef spacing of 1.0 L, meaning
the maximum scale and strength of the upwelling and back eddy were obtained when the
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disposal spacing between two unit reefs was 1.0 L. In longitudinal combination mode, the
scale and strength of the upwelling reached a maximum at 1.5 L; the scale of the back eddy
on the second unit reef was significantly smaller than that for the first reef. This is possibly
because the first unit reef weakens the back eddy on the second one; this means that a
longitudinal layout has a large influence on the back eddy. This is basically consistent with
Liu et al. [29], who analyzed the maximum change of the flow field when the model spacing
is between 1.0 and 1.5 L. However, because they only analyzed the change characteristics
of the flow field, without detailed analysis of the upwelling velocity and the volume of
the upwelling, they were unable to judge the scale of the upwelling of the artificial reefs,
and they also did not analyze the different velocities, which could not accurately respond
to the characteristics of the upwelling at different velocities and under different layouts.
Zheng et al. [25] also simulated the flow field effects of three stacked forms of circular tube-
type artificial reefs numerically. When the number of stacked reefs is fixed, the maximum
upwelling velocity and upwelling area increase with the increase in approaching velocity,
which is consistent with the conclusion of this paper, but there is no analysis of the back
eddy. As the simulation is mainly used to evaluate the maximum upwelling flow velocity
and upwelling area, the simulation error value is around 20%, which is a large error, and
at the same time, their study did not analyze the layout spacing and flow velocity of
the artificial reefs, and the effect of the reefs was not investigated practically, so that the
ecological significance of the reefs could not be determined. Liu et al. [17] also simulated
and analyzed porous square-shaped artificial reefs, but only analyzed the height and area
of the upwelling region of a single reef, with a large error value, and did not quantitatively
and in detail analyze the strength of upwelling changes under different reef layouts and
velocities. Yang et al. analyzed the effect of different fabrication methods on the flow
field of permeable artificial reefs, but the evaluation method was simpler and did not
analyze the strength of upwelling under different layouts, while the experimental results
were not verified. In this study, we analyzed small trapezoidal reefs and applied the ratio
method to compare the flow field effects under different velocities and different layouts,
and the results had small errors, which can provide valuable references for the placement
and design of artificial reefs. And stability analysis was conducted on the trapezoidal
artificial reef model. It was found that it is able to maintain its stability in currents and
waves, meaning stability risks are relatively low for the transverse and longitudinal reef
combinations discussed in this study. This finding is of great significance for the actual
planning and deployment of artificial reefs.

The survey and monitoring of the project area was carried out in September of the year
before and after the ecological restoration project and at the same location according to the
principle of spatial and temporal unity, and in terms of fish species, gillnets with the same
mesh size of 40 mm were used to catch fish in the area where the artificial reefs were put
in, as shown in Figure 9. The results showed that the number of fish species in the project
area were from 40 to 49 after the construction of artificial fish reefs. Fish density is mainly
used to assess the number of fish, with the American Bio Sonics DT-X (Seattle, WA, USA)
finding that echo sounders (split beam, detection distance: 0.5–500 m, echo detection limit:
−140 dB, sounding frequency: 0.01–30 times/second, pulse frequency: 0.1–1 milliseconds,
dynamic range: more than 160 dB) are used to detect fish in the longitudinally combined
artificial reef waters before and after the completion of the project; the fish density was
about 0.314 fish per m2 before the project. After the completion of the project, a fish echo
detector was used to detect the fish density within the engineering area. The results showed
that the fish density after the project construction was about 1.197 fish per m2 after the
construction; the fish density after project completion was about four times that before the
restoration. The results are shown in Figure 9. This is mainly because the construction
of artificial fish reefs changed the flow characteristics and produced more eddies, with
significant changes in flow patterns and gradients, and allowed fish species to spawn in
faster-flowing areas and rest and feed in still-water areas after spawning. Artificial fish reef
construction provided better conditions for fish habitats. In summary, it was found that the
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fish species and quantities in the test area increased during these investigations, indicating
that the longitudinally combined trapezoidal artificial reefs have a very good impact on
the recovery of fishery resources. This study can thus provide a theoretical basis for the
design, deployment, and ecological restoration in waters featuring trapezoidal artificial
reefs. Figure 10 shows the trapezoidal artificial reef deployed on site.

Figure 9. Comparison of fish before and after the implementation of the project.

 
Figure 10. Artificial reef before deployment.

5. Conclusions

This paper uses numerical simulation to simulate the strength of upwelling and back
eddy around the flow field of small trapezoidal reefs under different deployment spacing
and velocities, and compares and analyzes the optimal spacing of reefs under different
velocities using the ratio method, and compares the results with the existing research
results, which shows that the numerical simulation can better respond to the influence of
the deployment spacing on the effect of the flow field around the trapezoidal reefs, and
makes the analysis of the physical stability, which can provide a certain theoretical basis for
the layout of artificial reefs in the actual sea area. This paper also investigates and analyzes
the ecological benefits of the reefs, and the results also show that the trapezoidal reefs
under this layout have better stability and ecological benefits, and also provide valuable
references for the placement and design of artificial reefs.

This study analyzed the flow field effects of trapezoidal reefs under different flow
velocities and spacing using numerical simulation and field survey methods. However, the
flow field of reefs with different layouts was not verified in the experiments. Additionally,
no optimization or improvement was made to the structure of the trapezoidal reefs, and
there was no comparative analysis with other artificial reefs. In future research, it is
necessary to conduct field verification experiments for reefs with different layouts and
optimize the structure of trapezoidal reefs to provide a basis for their design and selection.
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Abstract: In the present two-dimensional numerical study, we investigate the roles of geometrical
parameters of a hydrofoil (shape/curvature of the leading and trailing edges and thickness) and
kinematic parameters (phase difference between heave and pitch (φ)) on the propulsive performance
of different-shaped hydrofoils oscillating at maximum angles of attack up to αmax = 30◦. The study
was carried out at a fixed non-dimensional maximum heave to chord ratio h◦/C = 0.75, Strouhal
number St = 0.25, and Reynolds number Re = 5000. Our findings reveal that hydrofoil performance
and stability improve with leading and trailing edge curvatures but decline as thickness increases. By
analyzing the near-wake structure, we establish that even minimal flow separation increases power
consumption while moderate flow separation enhances thrust. Over the range of different-shaped
hydrofoils at different αmax and φ, maximum propulsion efficiency occurs for those parameters
for which there is a small degree of flow separation but with no roll-up of a separating vortex. In
comparison, maximum thrust generation occurs when there is a moderately strong flow separation
but without induction of a significant amount of fluid around the trailing edge. These insights offer
valuable knowledge for understanding fish propulsion efficiency and have applications in designing
autonomous underwater vehicles (AUVs) and micro-air vehicles (MAVs).

Keywords: fluid–structure interaction; fish-like propulsion; computational fluid mechanics

1. Introduction

The problems pertaining to fluid–structure interaction (FSI) can be classified into
two primary categories: one-way or weakly coupled, and two-way or strongly coupled
problems. In one-way or weakly coupled problems, only the fluid flow field is influenced by
the structure/body motion. On the other hand, in two-way or strongly coupled problems,
both the structure/body and the fluid flow field exert mutual influence upon each other [1].
The present work is on a one-way coupled FSI problem of an oscillating hydrofoil.

Especially over the past decade, the hydrodynamics of an oscillating hydrofoil has
drawn the attention of many engineers, mathematicians, and biologists due to its associ-
ation with understanding the biology of fish swimming and designing new innovative
solutions for modern engineering applications [2]. Some of these applications include
micro-air and water propulsion systems [3–5], and energy-harvesting systems [6–9]. The
motivation of the present study is to understand the role of hydrofoil-shape on its propul-
sive performance. This knowledge is fundamental and holds significant potential for
enhancing the precision and appropriateness of engineering designs for autonomous un-
derwater vehicles (AUVs) and micro-air vehicles (MAVs).

For the present problem of a thrust-generating oscillating hydrofoil, the non-dimensional
governing parameters can be categorized as two geometric parameters: the curvature (of
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leading and trailing edges) and thickness of the hydrofoil; four kinematic parameters: heave
to chord ratio h◦/C, Strouhal number St = 2h◦ f /u∞ ( f is the frequency of oscillation),
maximum angle of attack αmax (Equation (2)), and the phase difference between heave and
pitch φ (Equation (1)); and Reynolds number Re = ρu∞C/μ as the flow parameter based
on free stream velocity u∞, chord length C, and dynamic viscosity μ. Studies on oscillating
hydrofoils in the literature use a range of different NACA hydrofoils. To provide context,
we first sequentially review previous experimental and numerical studies in this area.

In terms of studies focusing on experiments, Triantafyllou et al. [10,11] undertook a sta-
bility analysis of the wake of an oscillating hydrofoil and found that its stability is governed
by a non-dimensional parameter, the Strouhal number, St, defined above. The wake was
found to be stable for the frequency range of 0.25 < St < 0.4. Further, they determined the
operational St for different fish and found that most propel themselves within this narrow
St range. Later, through a parameter study, Anderson et al. [12] determined the optimal
parameters for efficient oscillation of a NACA0012 hydrofoil, which replicates the caudal
fin motion for carangiform fish. Their results showed that the optimal efficiency with high
thrust also lies within this narrow St range. In addition to oscillation frequency, they also
examined optimal values for three more non-dimensional governing parameters—heave
amplitude h◦/C, maximum angle of attack αmax, and the phase difference between heave
and pitch φ. For efficient propulsion, they proposed that the values of these parameters
should be 0.25 < St < 0.4, h◦/C ≈ 1, 15◦ < αmax < 25◦, and φ = 75◦. Following this,
Read et al. [13] also undertook a parameter study for the same set of governing parameters
as Anderson et al. [12]. However, for almost all cases, they observed that the oscillating
hydrofoil achieved high efficiency together with high thrust for 90◦ < φ < 100◦. These
two contradictory findings led to numerous further experimental and numerical studies
with the prime objective of exploring the effect of φ on propulsive performance. Motivated
by these results, Hover et al. [14] compared the effect of different angle of attack profiles
on the hydrodynamic performance of a flapping hydrofoil. They observed that a cosine
angle of attack profile provides an optimal combination of thrust and propulsive efficiency,
as compared to a harmonic angle of attack profile. Recently, Van Buren et al. [15] also
performed an experimental investigation on a pitching and heaving teardrop-shaped hy-
drofoil. They observed that a phase difference of 90◦ between heave and pitch is required
to achieve maximum propulsive efficiency. Additionally, they proposed scaling laws based
on lift and added mass forces that align well with the experimental measurements.

Many numerical studies have also been undertaken on the problem of flow across os-
cillating hydrofoils. Isogai et al. [16] were among the first who performed two-dimensional
simulations to understand the effect of φ on the propulsive performance of a NACA0012
oscillating hydrofoil. They concluded that the highest propulsive efficiency occurs at
φ = 90◦. A similar conclusion was reached in other studies [17,18]. Numerical studies
have also been conducted to understand the effect of near- and far-wake vortices on the
propulsive performance. For near-wake vortices, Tuncer and Platzer [19] concluded that
the formation of even a small leading-edge vortex (LEV) should be prevented for efficient
propulsion. Similar conclusions have resulted from other studies, including Tuncer and
Kaya [20] and Young and Lai [21]. In direct contrast, Guglielmini and Blondeaux [22]
concluded that a small to moderately strong magnitude LEV is beneficial for propulsive
efficiency. Thus, the role of LEV in efficient propulsion is contradictory in the literature. For
the far-wake structures, Bose and Sarkar [23] investigated the transition in the flow pattern
from periodic to chaotic through a quasi-periodic route by increasing the heave amplitude
at Re = 1000. Numerical studies have also been conducted to understand the effect of
various geometrical parameters on propulsive performance. Zhang et al. [24] studied the
effect of chord and thickness ratio of an elliptical foil, while Ashraf et al. [25] studied the
effect of thickness and camber using a variety of NACA hydrofoils.

The above brief literature survey shows that most previous studies focused on under-
standing the role of kinematic parameters on the performance of an oscillating hydrofoil,
and few published works discuss the role of the hydrofoil shape on performance parame-
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ters. However, the effect of the hydrofoil curvature at the leading and trailing edges, along
with its thickness, remains to be explored. Thus, one of the primary aims of the present
study is to elucidate the effect of these geometrical parameters on the propulsive perfor-
mance of an oscillating hydrofoil at various angles of attack, αmax. Through this analysis,
we are also able to comment on the role of LEV on the performance of a thrust-producing
oscillating hydrofoil. Next, the phase difference between the heave and pitch φ is a crucial
parameter that governs the propulsive performance. Hence, its role in the propulsive
performance of a NACA00XX hydrofoil has been studied extensively, as discussed in the
above paragraphs. Those studies reach similar conclusions that a phase difference of 90◦

provides the maximum propulsive efficiency with an optimal magnitude of thrust. A
change in the phase difference may enhance the thrust generation; however, it significantly
reduces propulsion efficiency. Note that the motion of an oscillating hydrofoil at φ = 90◦

seems to be the most fish-like, cleanly slicing through the water with the lowest angles of
attack. Further, fish are also known for maintaining a phase difference of φ = 90◦ between
pitch and heave during swimming [26]. Thus, the next objective is to understand whether
φ = 90◦ is a universal phase difference for attaining maximum efficiency or whether it
depends on hydrofoil shape. Being the primary mechanism used by various fish for swim-
ming and other engineering applications discussed above, the present study contributes
from both fundamental and engineering points of view.

The paper structure is as follows. The methodology is detailed in Section 2, which
provides a description of different hydrofoils considered for the study, oscillation kinemat-
ics, governing equations, validation and grid independence studies, and definitions of the
input and output governing flow parameters. This is followed by a discussion of the results
in Section 3. The main conclusions are summarized in Section 4.

2. Methods: Modeling and Simulation

2.1. Mapping the Hydrofoil Shape

For the study on the role of curvature, specifically the front and rear shape, and thick-
ness of the hydrofoil, Figure 1 depicts various shapes that are considered in the present
study. The different shapes are chosen in such a way that they connect the two extreme
shapes (a NACA0012 airfoil and a thin flat plate) by considering the importance of the front
and rear geometry, and thickness. Here, shape 1 corresponds to a NACA0012 hydrofoil
with a bluff trailing edge; shape 2 corresponds to a NACA0012 hydrofoil with a bluff
leading edge; the rectangular plate (effectively) corresponds to a NACA0012 hydrofoil
with bluff leading as well as trailing edges; and the thin plate (effectively) corresponds to a
NACA0012 hydrofoil or a rectangular plate with negligible thickness. Thus, comparing the
NACA0012 hydrofoil with shape 1 explores the role of a tapering tail, a NACA0012 hydro-
foil with shape 2 helps us understand the role of a rounded leading edge, a NACA0012
hydrofoil transformed into a rectangular plate helps to understand the combined role of
a rounded edge and tapered tail, and finally a NACA0012 airfoil transformed into a thin
plate investigates the role of thickness on the propulsive performance.

Figure 1. The different body shapes considered to understand the effects on propulsion and efficiency
of curvature and thickness of hydrofoil-like geometries.
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2.2. Oscillation Kinematics and Other Parameters of Interest

The oscillatory motion of the caudal (i.e., rear) fin of a fish can be modeled as a coupled
pitching and heaving symmetric hydrofoil with a high aspect ratio [11,27]. This high aspect
ratio allows the derivation of the three-dimensional flow characteristics around the foil
from the two-dimensional flow considerations [12]. Figure 2 shows the schematic figure of
a carangiform/thunniform fish about the medio-frontal plane. The hatched region shows
the modeled caudal fin performing coupled pitching-and-heaving motions about the pivot
point P in a freestream flow of velocity u∞. The corresponding motion can be replicated by
sinusoidal motion for both the heave and pitch [13], given as

h(t) = h0 sin(2π f t),

θ(t) = θ0 sin(2π f t + φ),
(1)

where h0 is the maximum heave amplitude, f is the frequency, θ0 is the maximum pitching
amplitude, and φ is the phase-angle difference between heave and pitch. Notice from the
figure that due to heaving motions, the hydrofoil moves at an additional velocity, the heave
velocity uheave = dh/dt, which results in a change in the resultant velocity (ures) of the foil.
Thus, the instantaneous angle of attack α(t) is no longer equal to pitching angle θ(t) [12]
and can be given as:

tan[α(t) + θ(t)] =
1

u∞

dh(t)
dt

,

αmax = max
[

tan−1
(

1
u∞

dh(t)
dt

)
− θ(t)

]
.

(2)

For analyzing the output performance, the non-dimensional parameters considered in
the study are the thrust coefficient CT , lateral force coefficient CL, input power coefficient
CP, and propulsive efficiency ηP, defined as, respectively,

CT =
FT

1/2ρu2
∞C

, CL =
FL

1/2ρu2
∞C

, CP =

∫
cLVbodydS

1/2ρu3
∞C

, (3)

ηp =
Pout

Pin
=

FT u∞∫
cLVbodydS

=
CT

CP
. (4)

Here, FT and FL are the net forces acting in the streamwise and lateral direction, respectively,
and are calculated from the integration of pressure and viscous forces over the hydrofoil.
Further, ρ is the density of the surrounding fluid, cL is the local lateral force coefficient per
unit surface area of the hydrofoil, and Vbody is the lateral velocity of an oscillating hydrofoil.
The propulsive efficiency ηP is defined as the ratio of the net output power to the input
power [28,29], where an overbar represents time-averaged values obtained by using at least
twenty oscillation cycles following statistical convergence of the simulations.

Figure 2. Schematics of a caudal-fin-like oscillating NACA0012 hydrofoil showing various governing
parameters.
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2.3. Governing Equations and Numerical Details

For an oscillating hydrofoil, Zurman et al. [30] found that the flow and forces are
effectively two-dimensional for a NACA0016 hydrofoil at St = 0.15–0.45 and Re = 5300.
Thus, for the present cases at St = 0.25 and Re = 5000, 2D numerical simulations are
performed using an in-house code based on a level-set function-based immersed interface
method (LS-IIM). The LS-IIM-based code was developed in the CFD lab at IIT Bombay
by Thekkethil [31], in which the temporal variation in the solid–fluid interface is tracked
by using a normal signed distance-based level set function, Φ. At each time step, the
value of Φ is calculated using the minimum distance and winding algorithms, governed by
the predefined kinematics of oscillation (discussed in Section 2.2). The positive Φ values
represent fluid cells, whereas negative values represent solid cells. The fluid dynamics
of the present problem are governed by the incompressible Navier–Stokes equation. In
non-dimensional form, these are given by

Continuity : ∇ · −→U = 0, (5)

Momentum :
∂
−→
U

∂τ
+∇ · (−→U −→

U ) = −∇P +
1

Re
∇2−→U , (6)

where
−→
U (≡ −→u /u∞, u∞ is the freestream velocity) is the non-dimensional velocity vector and

P (≡ p/(ρu2
∞), ρ is the density of the surrounding fluid) is the non-dimensional pressure.

The LS-IIM uses the finite-volume method to discretize the above equations in space.
Further, it is based on a fully implicit pressure projection method on a collocated grid. The
non-linear advection term of the Navier–Stokes equation is integrated using the QUICK
(Quadratic Upstream Interpolation for Convective Kinematics) scheme, while the CDS
(Central Difference Scheme) is used for the diffusion term. More details of LS-IIM can be
found in Thekkethil and Sharma [1].

2.4. Computational Details

Figure 3 shows the non-dimensionalized computational domain and the boundary
conditions for the present problem on flow past an oscillating hydrofoil. The chord length
C and the freestream velocity u∞ are taken as the length and the velocity scale for the
problem. The x-direction is aligned with the streamwise direction, while the y-direction is
aligned with the lateral direction of the flow. The domain measures 16C in the streamwise
direction, with the leading edge of the hydrofoil placed 5C from the inlet. The lateral
dimension of the domain is 10C, with the hydrofoil located at the center. This provides a
maximum lateral blockage (0.12C/10C) of 1.2%, ensuring a minimal effect of the lateral
boundaries on the hydrodynamics of oscillation.

Figure 3. Non-dimensional computational setup along with boundary conditions for a coupled
pitching-and-heaving NACA0012 hydrofoil in freestream flow. Here, Ub and Vb are the local velocity
components of the hydrofoil-shaped body.
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In Figure 3, U and V correspond to the non-dimensional velocities in the streamwise
and lateral direction, respectively. The boundary condition at the inlet corresponds to a
constant velocity (equal to the freestream velocity, u∞). A convective boundary condition,
with a convective velocity Uc equal to one, has been used at the outlet. A free-slip or
symmetry boundary condition is used for the lateral boundaries. The hydrofoil is assumed
to be non-deforming, and a no-slip (for the velocity) and a Neumann boundary condition
(for pressure) have been employed at its surface.

For the grid independence study, we considered three non-homogeneous structured
grids of sizes: 382 × 288, 768 × 552, and 1192 × 954. For each grid, a uniform size fine cell
of size Δx = Δy = 0.01, 0.05, and 0.0025 is used in the region closer to the hydrofoil, and
a uniform coarse cell size of Δx = Δy = 0.5, 0.25 and 0.125 is used in the far field. The
finest and coarsest grid zones are connected using a hyperbolic stretching function, with a
maximum expansion ratio of less than 1.01. For αmax = 30◦, h◦/C = 0.75, St = 0.25, and
Re = 5000, Figure 4a shows no significant visual difference in the temporal variation in the
lateral force coefficient CL between the two finest grids. Therefore, all further simulations
for the present problem are carried out using the intermediate 768 × 552 grid size, noting
that it has 200 points across the hydrofoil chord. The simulations are carried out in series
on the local system with 32 GB RAM for a total of 48 simulation hours per case.

The numerical method used for the present study has already been applied successfully
to various similar fluid–structure interaction (FSI) problems [1,32–37]. However, a further
validation study has been carried out by comparing our results with that documented by
Boiron et al. [38] and is presented in Figure 4b. The figure shows an excellent agreement
between the present and published results for the temporal variation in the thrust and
lift coefficients at αmax = 20◦, h◦/C = 0.75, St = 0.3 and Re = 4000. The percentage of
difference is within 2% and 5% for the lift and thrust coefficients, respectively.
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C
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Figure 4. Validation of the computer code for an oscillating NACA0012 hydrofoil. (a) Grid inde-
pendence study. Temporal variation of the lift coefficient CL at αmax = 30◦, h◦/C = 0.75, St = 0.25
and Re = 5000. (b) Code verification study comparing predictions against those of Boiron et al. [38].
Temporal variation in thrust coefficient CT and lift coefficient CL at αmax = 20◦, h◦/C = 0.75, St = 0.3
and Re = 4000. The intermediate size grid, 768 × 552, is used.

3. Results

The results section is divided into three subsections. Section 3.1 discusses the effect
of varying the maximum angle of attack, αmax, on the propulsive performance of differ-
ent shaped hydrofoils. Section 3.2 discusses the correlation between the time-averaged
engineering parameters and instantaneous flow parameters using a cause-and-effect-based
study and instantaneous vorticity in the vicinity of the hydrofoils at the extreme rightward
lateral position. Section 3.3 examines hydrofoil cases at maximum efficiency to study
the role of the phase difference φ between heave and pitch. In both Sections 3.1 and 3.3,
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the time-averaged performance parameters are calculated over twenty oscillation cycles
following the statistical convergence of the simulations.

3.1. Effect of Curvature Variations on Hydrodynamic Performance

Considering the five different shapes of the hydrofoil (Figure 1), Figure 5 presents
the effect of curvature and thickness on the time-averaged propulsive performance of a
hydrofoil for various angles of attack, αmax = 5◦–30◦, at St = 0.25, h0/C = 0.75, φ = 90◦

and Re = 5000. This leads to the pitching amplitude θ0 ∼ 34◦–8◦ (Equation (1)).
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Figure 5. Variation of the time-averaged (a) thrust coefficient CT , (b) power coefficient CP, (c) propul-
sive efficiency ηP, and (d) rms of lift coefficient CL,rms, as a function of maximum angle of attack αmax

for the five different shapes considered.

For the mean thrust coefficient CT , Figure 5a shows that the magnitudes of CT for
the NACA0012 and those with a bluff leading/trailing edge (shape 1 and shape 2) are
bounded within the magnitude of CT for the thin plate and thick plate. With an increase in
αmax, the figure shows an increasing–decreasing trend for CT with its maximum close to
αmax = 22.5◦ for the different shapes; the exception is shape 2, which achieves its maximum
CT at αmax = 17.5◦. Further, at lower values of αmax, CT for bluff frontal edge-based shape
2 approaches that of a thin plate, while CT for bluff trailing edge-based shape 1 approaches
that of a thick plate. However, at higher values of αmax, the reverse applies; that is, CT for
shape 1 approaches CT of a thin plate, while CT for shape 2 approaches that of a thick plate.
The figure also shows the drag-to-thrust transition for different shapes with increasing
αmax, except for the thin plate with a net thrust even at a very low αmax = 5◦. For other
hydrofoils, the figure shows that the transition occurs first for hydrofoils with a tapered
trailing edge (NACA0012 and shape 2), compared with hydrofoils with a bluff trailing edge
(shape 1 and the thick plate).
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For the mean input power coefficient CP, Figure 5b shows an apparent increasing CP
with increasing αmax, with CP for the different shapes bounded within the maximum CP for
shape 2 and minimum CP for the NACA0012 airfoil. Further, the figure shows that CP is
smaller for shapes with a rounded frontal edge (NACA0012 airfoil, shape 1) compared with
bluff frontal edges (the flat plate, shape 2 and the thick plate), and the trend is independent
of αmax for the hydrofoil. Moreover, for the bluff frontal-edge hydrofoils, CP increases with
frontal surface area, i.e., CP is larger for shape 2 and the thick plate compared to that for
the thin plate at any αmax.

Similar to the variation with CT , Figure 5c shows that ηP for the different shapes is
again bounded between the values for the thin and thick plate for any αmax. Note that the
efficiency curve contains only those cases that resulted in a net mean thrust. Furthermore,
the figure shows that the nature of the ηP curve is also of increasing–decreasing type.
However, for three of the foil shapes, the maximum ηP occurs at αmax = 15◦–17.5◦; this is
not the case for the thin plate and shape 2, which have maximum ηP at αmax = 12.5◦. At
larger angles of attack, αmax ≥ 20.0◦, the figure shows that ηP for the NACA0012 matches
that of a thin plate, whereas the ηP for shape 2 matches that of a thick plate. Further, by
comparing shape 1 with the NACA0012 airfoil and shape 2 with the thick plate, it can
be seen that ηP is greater for shapes that possess a tapered end. However, the benefits of
possessing a tapered end decrease with increasing αmax.

For the rms variation in the lift coefficient, CL,rms, Figure 5d shows that the variation
is similar to the variation in CP with αmax, as discussed above. For instance, the magnitude
of CL,rms increases with αmax; for any αmax, the magnitude of CL,rms for different shapes
is bounded within the maximum CL,rms for shape 2 and the minimum CL,rms for the
NACA0012 airfoil, showing that shape 2 is the least stable and the NACA0012 airfoil is
the most stable hydrofoil for propulsion. Further, it is important to notice that the CL,rms
of shapes with a rounded frontal shape is smaller compared to shapes with a bluff frontal
surface, which leads to a more stable propulsion for shapes with a rounded frontal area.

The above-discussed increasing–decreasing trend for CT and the increasing trends for
CP and CL,rms with increasing αmax are at least partially understandable as these parameters
are directly proportional to the surrounding fluid displaced by the hydrofoil. Thus, these
parameters are directly proportional to the projected lateral surface area (C sin(α)) of the
hydrofoil. To discuss this, Figure 6 shows instantaneous schematics of a hydrofoil at three
values of αmax (α1 < α2 < α3). For simplicity, we have assumed that the hydrofoil is
oscillating in a still fluid, resulting in the vertical relative velocity ures. With increasing αmax,
the figure shows that the projected lateral surface area of the hydrofoil increases, resulting
in an increased volume of displaced fluid. Thus, a larger CP is required for an oscillating
hydrofoil to perform its movement at a larger αmax.

Figure 6. Schematics representation of NACA0012 hydrofoil oscillating in a still fluid at different
angles of attack (α1 < α2 < α3) and time instant t.

Figure 6 also shows the normal direction in which the hydrodynamic force acts from
the fluid to the hydrofoil. The axial component of this force provides the instantaneous
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thrust force, while the lateral component provides the instantaneous lift force. It can be
seen from the figure that with increasing αmax, both the projected lateral surface area and
lift component increase, resulting in an almost linear enhancement of CL,rms with αmax.
In contrast, for CT , there is a trade-off between increasing surface area and decreasing
axial component, resulting in an increasing–decreasing variation. However, it is important
to notice from Figure 5 that the magnitude of engineering parameters is different for
different shapes. Further, the αmax at which maximum CT and ηp occur is different for
different shapes. Thus, a more detailed study is needed; this is attempted in the next section
(Section 3.2) by correlating the engineering parameters with the flow structures near the
vicinity of the hydrofoil.

3.2. Flow Characteristics

The correlation between the above-discussed time-averaged engineering parameters
with the instantaneous flow parameters is accomplished in two steps. In the first step, the
instantaneous pressure contours in the vicinity of the hydrofoil are correlated with the
corresponding instantaneous vortex structure and engineering parameters. For ease of
understanding, the study is conducted only for an oscillating NACA0012 hydrofoil for
a range of αmax. The corresponding study is known as a unified cause-and-effect-based
CFD analysis, and has been proposed by Sharma [39]. The study helps to correlate the
time-averaged engineering parameters with the instantaneous vortex structure when the
NACA0012 hydrofoil is at the rightmost lateral position. In the second step, the correlation
developed in the first step is applied to differently shaped hydrofoils.

Over one oscillation period, Figures 7 and 8 show a unified cause-and-effect-based
analysis by plotting the time variation in 2D plots for flow properties and 1D line-plots
for propulsive performance parameters for αmax in the range 5◦ ≤ αmax ≤ 30◦. The 2D
contour plots Figures 7a–i and 8a–i are for the vortex structure and pressure contours in
the vicinity of the hydrofoil, respectively, while the 1D plots, Figure 7j,k, are for the thrust
CT and power CP coefficients.

At τ/T = 0, Figure 7 shows the onset of the leftward movement of the hydrofoil from
its extreme right lateral position. At this instant of time, a net drag acts on all the hydrofoils
independent of αmax; however, the magnitude of drag is larger for hydrofoils with a higher
αmax, as shown in Figure 7j. The reason behind this increase in drag with αmax can be seen
in the instantaneous vortex contours of Figure 7(a1–a6). For αmax = 5◦, the figure shows
a fully attached flow across the hydrofoil, while the flow separates for hydrofoils with
αmax > 5◦—in this case, the flow starts to separate from the posterior region of the foil,
and the point of separation moves towards the leading edge and becomes stronger with
increasing αmax. The stronger flow separation causes a stronger pressure gradient along
the chord (Figure 8(a1–a6)), resulting in higher drag.

Figure 7(b1–b6) show that the hydrofoil rotates in the counter-clockwise (CCW) di-
rection with further leftward movement. With this movement to τ/T = 0.1, Figure 7j
shows the crossover from instantaneous drag to thrust for all αmax, except for αmax = 5◦ for
which crossover occurs later at τ/T = 0.25. Further, the figure shows that the magnitude
of instantaneous CT at τ/T = 0.1 increases with increasing αmax, reaches its maximum at
αmax = 20◦, and then decreases. In contrast, Figure 7k shows that the instantaneous power
coefficient CP increases with αmax. The corresponding vortex structure in Figure 7(b1–b6)
shows that the increase in instantaneous CT and CP with αmax is due to an increase in
the strength of flow separation. However, above αmax = 20◦, the strength of the flow
separation is too large such that it draws the flow around the trailing edge of the hydrofoil,
resulting in a reduction in net instantaneous thrust. With the further leftward movement
to τ/T = 0.25, Figure 7j,k show that the hydrofoils reach their maximum instantaneous
CT and CP, except for αmax = 5◦. Further, the figure shows that the largest instantaneous
CT occurs for αmax = 25◦, in contrast to τ/T = 0.1. The change in trend is due to the
flow remaining attached up to αmax = 20◦ (Figure 7(c1–c4)), a small separated flow at
αmax = 25◦ (Figure 7(c5)), and a larger separation for αmax = 30◦ (Figure 7(c6)).
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Figure 7. (a–i) Temporal variation in instantaneous vorticity contours, (j) thrust coefficient CT , and
(k) power coefficient CP over one time period of an oscillating NACA0012 hydrofoil at various
αmax = 5◦–30◦ (marked), for St = 0.25, ho/C = 0.75, φ = 90◦ and Re = 5000. In the figure,
column (a1–i1) represents variation in instantaneous vorticity contours for αmax = 5◦, similarly
column (a2–i2) is for αmax = 10◦, column (a3–i3) is for αmax = 15◦, column (a4–i4) is for αmax = 20◦,
column (a5–i5) is for αmax = 25◦, and column (a6–i6) are for αmax = 30◦. The multimedia movie in
Supplementary Materials Video S1.

With further leftward movement, Figure 7(d1–d5) show that the CCW rotation of the
hydrofoil switches to clockwise (CW) rotation, and the hydrofoils decelerate, reaching the
extreme leftmost position. This deceleration of the hydrofoil reduces the instantaneous
positive leftward pressure for all the cases, except for αmax = 5◦—compare Figure 8(c1–c5)
with Figure 8(d1–d5). The reduction in pressure reduces the pressure gradient, resulting in
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a reduction in the instantaneous thrust and power for all cases, except for αmax = 5◦, as
shown in Figure 7j,k, respectively. Further, the switch in rotation from CCW to CW enhances
the flow separation from the hydrofoil’s rightward side, resulting in the continuation of
the trend of increasing instantaneous CT with αmax up to αmax = 25◦ and then decreasing,
as observed for τ/T = 0.25. The retardation continues as the hydrofoil approaches the
extreme leftmost position (completing half a cycle), resulting in a further decrease in
instantaneous thrust and power, as shown in Figure 7j,k.

For the subsequent half cycle, where the hydrofoil moves from the extreme leftmost to
the rightmost position, Figures 7 and 8 show an opposite nature of periodic variation in
vortex structures and pressure on the two sides of the foil, resulting in similar instantaneous
thrust and power curve.

Figure 8. (a–i) Temporal variation in the instantaneous pressure contours over one time period of
an oscillating NACA0012 hydrofoil at various αmax = 5◦–30◦ (marked), for St = 0.25, ho/C = 0.75,
φ = 90◦ and Re = 5000. In the figure, column (a1–i1) represents variation in instantaneous pressure
contours for αmax = 5◦, similarly column (a2–i2) is for αmax = 10◦, column (a3–i3) is for αmax = 15◦,
column (a4–i4) is for αmax = 20◦, column (a5–i5) is for αmax = 25◦, and column (a6–i6) is for
αmax = 30◦.

Therefore, by correlating the instantaneous vortex structure with the thrust and power
coefficients for a cycle of oscillation of the NACA0012 hydrofoil at different αmax, it can
be concluded that any amount of flow separation enhances the power consumed by the
hydrofoil for performing its oscillation motion. In contrast, a moderately strong degree of
flow separation (until it becomes so strong that it starts pulling a significant amount of fluid
around the trailing edge) enhances the thrust. For further investigation, Figure 9 compares
the instantaneous vortex structure in the vicinity of different shaped hydrofoils at their
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extreme rightward lateral position for various αmax. It can be seen from the highlighted
rectangular regions in the figure that the ηmax for any shape occurs at that αmax, for which
there is a small degree of flow separation with almost no roll-up into a separating vortex.
On the other hand, the highlighted cases for CT,max are those at which moderately strong
flow separation occurs with no induction of a significant amount of fluid transferring
around the trailing edge.

Figure 9. Time-instantaneous vortex structures (at maximum heave position) in the vicinity of the
hydrofoils at various angles of attack αmax = 5◦–30◦, for St = 0.25, ho/C = 0.75, φ = 90◦, and
Re = 5000. Here, dashed and dotted rectangular regions correspond to cases for maximum ηp

and CT , respectively. In the figure, column (a1–a11) represents instantaneous vorticity contours
for NACA0012 hydrofoil, similarly column (b1–b11) is for Shape 1, column (c1–c11) is for Shape 2,
column (d1–d11) is for thick plate, and column (e1–e11) is for thin plate.

Figure 9 also shows the effect of αmax and geometrical parameters on the flow sepa-
ration. For any shape, an increasing αmax increases the magnitude of flow separation and
brings the point of separation close to the leading edge. Geometrical features such as a bluff
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leading edge, tapered tail, and high thickness enhance the flow separation, while those such
as a rounded leading edge and a flattened tail reduce the magnitude of flow separation.

3.3. Effect of Phase Difference between Heave and Pitch φ on Hydrodynamic Performance

In this section, the effect of the phase difference between heave and pitch, φ, on the
propulsive performance of the hydrofoils is presented for cases at ηp,max, as observed in
Section 3.1. This corresponds to αmax = 15◦ for the NACA0012 airfoil and thick plate,
αmax = 17.5◦ for shape 1, and αmax = 12.5◦ for shape 2 and the thin plate for phase
differences φ = 75◦–105◦, all at constant St = 0.25, ho/C = 0.75 and Re = 5000.

Figure 10 shows the variation in the normalized CT and ηp with phase difference φ
for different shaped hydrofoils at ηp,max, i.e., αmax = 15◦ for the NACA0012 airfoil and
thick plate, αmax = 17.5◦ for shape 1, and αmax = 12.5◦ for shape 2 and the thin plate. Here,
the normalized values are obtained by normalizing with corresponding values at φ = 90◦.
For all cases, the figure shows that both the maximum thrust and efficiency occur in a
narrow range of phase difference 90◦ ≤ φ ≤ 100◦; this indicates that the optimal phase
difference for propulsion is independent of the shape and shows the hydrodynamic (and
evolutionary) reason behind its adoption by different body–caudal fin (BCF) fish in nature.
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Figure 10. Variation of normalized (a) thrust coefficient CT , and (b) efficiency ηp, with the phase
difference between heave and pitch φ for cases at ηp,max.

The occurrence of maximum efficiency and thrust coefficient at phase angles 90◦ ≤ φ ≤
100◦ is explained here using the analogy developed in Section 3.1 between the instantaneous
wake structure in the vicinity of hydrofoil (at maximum heave position) and the engineering
parameters. Similar to Figure 9, Figure 11 also shows that the maximum efficiency occurs at
those φ for which there is a small degree of flow separation with no roll-up of a separating
vortex. Similarly, the maximum CT,max occurs at those φ for which moderately strong flow
separation occurs with no significant induction of fluid around the trailing edge.

Figure 11 also shows the effect of the phase difference φ and geometrical parameters on
the instantaneous vorticity in the vicinity of the hydrofoils. It is seen that the flow separation
for all the shapes reduces by decreasing the phase difference below φ = 90◦. However,
the flow separation enhances, and the point of separation travels posterior (towards the
tail) by increasing the phase difference above φ = 90◦. Further, by increasing the phase
difference above φ = 90◦, secondary flow separation occurs from the rightward leading
edge for shapes with a bluff leading edge (shape 2, the thick plate and the thin plate).
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Figure 11. Time-instantaneous vortex structure (at maximum heave position) in the vicinity of the
different hydrofoils at various φ for cases at ηp,max.

4. Conclusions

The present study documents and contributes towards understanding the role of an
oscillating hydrofoil’s curvature/shape at the leading and trailing edges, along with its
thickness, in the propulsive performance at various maximum angles of attack in the range
αmax = 5◦–30◦, and for phase differences between heave and pitch of φ = 75◦–105◦, at
constant St = 0.25, ho/C = 0.75, and Re = 5000. The conclusions drawn are as follows.

In terms of the role of leading- and trailing-edge curvatures, a tapered tail provides
(compare NACA0012 with shape 1) a more significant thrust, consumes slightly lower
power, and generates a lower CL,rms. On the other hand, a rounded leading edge (compare
the NACA0012 airfoil with shape 2) provides a smaller and larger thrust for αmax < 15◦ and
αmax > 15◦, respectively. However, the power consumption and CL,rms reduce significantly.
Thus, these leading and trailing curvatures enhance the oscillating hydrofoil’s overall
propulsive performance and stability. Therefore, it is evident that the combination of
the rounded leading edge and tapered tail (compare the NACA0012 airfoil and thick
plate) provides better thrust and lower power consumption and CL,rms, providing overall
enhanced propulsion. For the role of hydrofoil thickness (compare the thick and thin
plates), a greater thickness reduces the net thrust and enhances the power consumption
and CL,rms, resulting in degradation of the overall propulsive performance and stability
of an oscillating hydrofoil. Finally, for the role of the phase difference between heave and
pitch, it was found that both the maximum thrust and efficiency occur over a narrow range
90◦ ≤ φ ≤ 100◦ independent of the hydrofoil geometry.

The hydrodynamic reason behind the above variation is explained by correlating both
the time-varying and time-instantaneous vortex structures in the vicinity of the hydrofoil
with the corresponding engineering parameters. It is found that any amount of flow
separation enhances the power consumed by the hydrofoil for performing its oscillation
motion. In contrast, a moderate flow separation enhances the thrust generated. For all
the different-shaped hydrofoils examined, the maximum efficiency occurs at those αmax at
which there is a small degree of flow separation with no roll-up of separating vortex. In
comparison, maximum thrust generation occurs when there is a moderately strong flow
separation with no induction of a significant quantity of fluid around the trailing edge. For
any αmax, flow separation can be controlled by the geometrical parameters of the hydrofoil.
A rounded leading edge and flattened tail reduce the magnitude of flow separation, while
a bluff leading edge, tapered tail, and increased thickness enhance it.

We anticipate that by contributing to an understanding of the correlation between
different hydrofoil geometrical parameters with engineering parameters and flow separa-
tion, our results can aid in designing and developing more efficient modern autonomous
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underwater and micro air vehicles. Our results also have implications for understanding
fish swimming. A fish possesses a symmetrical caudal fin with a somewhat rounded
leading edge and tapered tail, and maintains a phase difference of 90◦ while swimming.
The results from the present study show that their NACA-like caudal fin generates high
thrust, as high as that for a very thin plate, with minimum power requirement, resulting in
higher propulsive efficiency. Moreover, their propulsion is very stable. A greater thickness
without losing propulsive performance can give them a caudal fin with more structural
strength, which is essential for directing water around it. The present study also shows
that a phase difference of 90◦ for any shape provides high thrust with high efficiency and
stability of oscillation. Thus, an oscillating caudal fin of NACA-like shape with a 90◦ phase
difference between heave and pitch provides fish with an ideal combination for achieving
high thrust, efficiency, and stability for propulsion.

In the current preliminary investigation, we have compared the hydrodynamics of
hydrofoils with smooth, rounded leading edges and tapered tails to those with sharp
leading and trailing edges. In the future, we plan to conduct a more comprehensive
comparison using a non-dimensional geometric parameter that can assess the roundness
and tapering of any hydrofoil shape to develop a flow law for optimization of thrust and
propulsive efficiency.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jmse11101923/s1, Video S1: Temporal variation in instantaneous vorticity contours, thrust
coefficient CT , and power coefficient CP over one time period of an oscillating NACA0012 hydrofoil
at various αmax = 5◦–30◦ (marked), for St = 0.25, ho/C = 0.75, φ = 90◦ and Re = 5000.

Author Contributions: Conceptualization, S.G., A.S., A.A., M.C.T. and K.H.; methodology, S.G.,
M.C.T. and K.H.; software, A.S.; validation, S.G. and A.S.; formal analysis, S.G.; investigation, S.G.;
resources, K.H. and M.C.T.; data curation, S.G.; writing—original draft preparation, S.G.; writing—
review and editing, A.S., A.A., M.C.T. and K.H.; supervision, A.S., A.A., M.C.T. and K.H.; project
administration, A.S., M.C.T. and K.H.; funding acquisition, K.H. and M.C.T. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was funded by the Australian Government through the Australian Research
Council’s Discovery Projects funding scheme (projects DP190103388 and DP210100990).

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Symbols Definitions

C Chord length
CL Lateral force coefficient
cL Local lateral force coefficient per unit surface area of the hydrofoil
CL,rms Rms variation in the lift/lateral coefficient
CP Input power coefficient
CT Thrust coefficient
f Oscillation frequency
FL Net force acting in the lateral direction
FN Net force acting in the normal direction
FT Net force acting in the streamwise direction
h Heave amplitude
h0 Maximum heave amplitude
P Non-dimensional pressure
Re Reynolds number
St Strouhal Number
T Non-dimensional time to complete one cycle of periodic oscillations.
t Dimensional time
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U Non-dimensional velocity in streamwise direction−→
U Non-dimensional velocity vector
Ub Local velocity component of the hydrofoil-shaped body in streamwise direction
uheave Heave velocity
ures Vertical relative velocity
u∞ Free stream velocity
V Non-dimensional velocity in lateral direction
Vb Local velocity component of the hydrofoil-shaped body in lateral direction
Vbody Lateral velocity
X Non-dimensional streamwise distance
x Streamwise direction
Y Non-dimensional lateral distance
y Lateral direction
α Angle of attack
αmax Maximum angle of attack
Δx, y Grid cell size in x,y directions, respectively
ηP Propulsive efficiency
θ Pitching amplitude
θ0 Maximum pitching amplitude
μ Dynamic viscosity
ρ Fluid density
τ Non-dimensional time
Φ Level set function
φ Phase difference between heave and pitch
ω Vorticity
Acronyms
CCW Counter-clockwise
CW Clockwise
LEV Leading edge vortex
LS-IIM Level-set function-based immersed interface method
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Abstract: This paper conducted a computational study on the KCS benchmark model at static drift
conditions. At the first instance, the roles played by the grid size, turbulence model, and time step
are qualitatively and quantitatively analyzed with the orthogonal experimental method (OEM).
After the verification of simulated results compared with experimental data in a Static Oblique
Towing Test (OTT), hydrodynamic performance is obtained with the employment of the SST κ-ω
turbulence model. The grid size is set as 0.07 m while the time step as 0.01 s. The characteristics of
the wake field are illustrated in different forms, such as contours of the free surface, distribution of
pressure and hydrodynamic forces, variation of turbulent kinetic energy (TKE), and so on. For a deep
insight into the physical mechanisms of the asymmetrical flow field, the Detached Eddy Simulation
(DES) method is also utilized to capture vortical structures occurring around the hull, in comparison
with results obtained through the Reynolds Averaged Navier Stokes (RANS) model. With the aim
of a hydrodynamic derivative estimation or detailed flow characteristics analysis, corresponding
selections of the computational method are disparate.

Keywords: static oblique towing test (OTT); CFD; turbulence model; vortical structure

1. Introduction

Identified as a significant factor for navigational safety, an accurate prediction of
ship maneuverability is of great necessity [1]. Experimental measurements are usually
carried out for the estimation of hydrodynamic derivatives, and serve as input of math-
ematical models to predict ship motion, which is in demand of expenditure, labor, and
experience [2,3]. The determination of hydrodynamic derivatives is fundamental for the
establishment of a model. Taking both rotational and viscous effects of fluid into considera-
tion [4], compared with simplified potential flow theory, Computational Fluid Dynamics
(CFD) methods have the advantage in the description of the viscous effect of fluid, resulting
in higher accuracy in predicting. No matter a full scale or model scale [5], CFD methods
show great promise to work as a substitute for experimental approaches [6].

Compared to results from experimental measurements and potential flow computa-
tions, there is a better agreement in the ship response between results from the URANS codes
CFDSHIP-IOWA and experimental measurements, especially in calm water. Carrica et al. [7]
utilized the advanced version of CFDSHIP-IOWA V4.5 to calculate ship motions in head
waves for a model-scaled KCS with a rudder in close proximity to the propeller. The wake
field close to the vessel is obtained through the DES turbulence approach. Due to the lack
of an appropriate maneuvering basin with a current generator, as well as relevant control
units and measurement devices, there are few studies focused on free-running model tests
in currents. Instead of highly laborious experiments, Kim et al. [8] deployed a CFD method
with high fidelity to analyze the effect of currents on ship maneuverability.

After decades of development in computer technology, direct CFD simulation [9] has
undisputed competence in reproducing a flow field, especially details. Owing to tremen-
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dous technological progress, researchers have conducted virtual maneuvering model tests
for ships by solving equations of motion for fluid and rigid bodies. To save computational
resources, RANS equations [10] are widely used instead of direct solving methods, in
modeling viscous turbulent flow. Large amounts of successful cases involved S175 [11],
DTMB 5415 [12], KVLCC2 [13], KRISO Container Ship (KCS) [14], and so on.

Zhang et al. [15] applied the viscous method to predict the roll motion of KCS in
calm water and then converted it to equivalent linearized roll damping. Subsequently, the
occurrence of parametric rolling in regular head waves could be achieved. Yu et al. [16]
selected one discretized propeller model (DPM) for simulating the turning circle test at a
rudder angle of 35◦ under the condition of Fr = 0.26. Three body force models [17–19] were
also applied and an analysis was made on ship turning circles. Based on results derived
from four propulsion models, differences are noticeable with a drift angle exceeding 10◦.
Simonsen et al. [20] carried out a study by the CFD method to calculate the added resistance
and motions of a ship with an appendage in regular head seas. Served as a cost-effective
method for obtaining self-propulsion factors, Can et al. [21] applied a CFD method in
combination with Telfer’s GEOSIM method to investigate the effective wave factor. Three
model scales, as well as the full-scale condition, were investigated, and an accurate effective
wake fraction of the full-scaled KCS was extrapolated.

Despite the prediction of the combined seakeeping and maneuvering performance,
Kim et al. [22] introduced a CFD approach that could be used to study the course-keeping
ability of the KCS. Simultaneously, the effect of wave directions on turning maneuvers
could also be investigated. Generally speaking, the application of CFD methods to ma-
neuvering is less mature compared to the solution of resistance [23]. The existence of an
unsteady flow, ship motion, and variable environment increases the complexity of numeri-
cal simulation [24]. Yuan [25] found that the asymmetric flow passing on two sides of a
hull results in a lifting force, which contributes to the yaw moment.

A suitable pattern of computational settings for virtual static captive model tests has
not been established in the existing literature due to limited research efforts. In this work,
great emphasis is placed on a systematic analysis concerning the OTT. An orthogonal
experimental method (OEM) is applied to discuss the effects of different influence factors,
including the turbulence model, grid size, and time step. Additionally, an uncertainty
analysis was performed during the calculation of hydrodynamic forces and moment, with
the adoption of the Grid Convergence Index (GCI) method. On this basis, a satisfactory
computational setup for a virtual oblique towing test is achieved, and simulations are con-
ducted at drift angles ranging from 0◦ to 12◦. In addition to non-uniform force distribution
and free surface elevation, vortical structures are captured to provide a comprehensive
understanding of the asymmetric flow field. This work contributes to advancing the
numerical solutions for virtual static captive model tests.

2. Numerical Method

2.1. Governing Equations

In this study, the commercial software STAR-CCM+ 16.06 is utilized for the simulation
of three-dimensional viscous flow around the hull. Taking calculating resource and comput-
ing time into account, this work applied RANS equations instead of solving NS equations
directly, which include Reynolds stress terms characterizing the turbulence effect. Under
the assumption of impressible flow, relevant equations for the description of two-phase
turbulent flow can be presented as follows:

∂(ϕmρm)

∂t
+

∂

∂xi
(ϕmρmui) = 0 (1)

∂ρmui
∂t

+
∂

∂xj

(
ρmuiuj

)
= − ∂P

∂xi
+

∂

∂xj

[
μm

(
∂ui
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∂xi

)]
+

∂

∂xj

(
−ρmui

′uj
′
)
+ ρm fi (2)
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where m represents the phase id concerning water and air; i and j are coordinate components
of velocity; u denotes velocity; ρ stands for density; μ is viscosity; P means pressure; f
refers to gravity in this work; and ui

′uj
′ indicates the Reynolds stress term based on the

Boussinesq hypothesis, and a specific explanation can be found in reference [4].

2.2. Ship Geometry

The well-known benchmarking KCS is studied for simulation at a scale factor of
1/75.5. It is worth mentioning that a fixed rudder is located at the stern of the ship model,
at a distance of nearly three meters from the bow, as displayed in Figure 1. Principal
characteristics of the ship geometry are obtained from SIMMAN (2014) [26] and listed in
Table 1. For the sake of a validation analysis, experimental results were released by the
National Maritime Research Institute (NMRI).

Figure 1. The side view of the KCS model.

Table 1. Dimensions of KCS including the full scale and model scale.

Description Parameter Unit Full Scale Model Scale

Length between perpendiculars Lpp m 230 3.046
Beam at waterline Bwl m 32.2 0.427

Draught T m 10.8 0.143
Volume of displacement ∇ m3 52,030 0.121

Block coefficient CB - 0.651 0.651
Wetted surface area S m2 9530 1.688
Metacentric height GM m 0.600 0.097

2.3. Case Description of Simulation

From Figure 2, a Cartesian coordinate system is fixed on the ship, with positive x, y,
and z axes pointing to the upstream, portside, and upward directions in sequence. The
origin is set as the intersection of the central longitudinal section, the midship section, and
the water plane, and the vessel is upright without any trim at the beginning. The length
of the computational domain starts from 2.7 Lpp to 4.0 Lpp in the longitudinal direction,
while the width from 3.2 Lpp to 2.5 Lpp in the horizontal direction due to the symmetrical
incoming flow. The construction of the virtual tank in the height direction is defined as
consistent with the depth of the maneuvering basin in the NMRI. The setup of boundary
conditions is summarized in Table 2, including the velocity inlet, the pressure outlet, and
no-slip walls. To eliminate the effect of boundaries, a wave damping zone is specified near
the rear part of the virtual tank.

Table 2. Summary of boundary conditions involved in this work.

Name of Boundary Type of Boundary Condition

Inlet Velocity inlet
Outlet Pressure outlet
Side_R Velocity inlet
Side_L Velocity inlet

Top Velocity inlet
Bottom Velocity inlet

Hull surface No-slip wall
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Figure 2. The setup of the computational domain.

Figure 3 displays the mesh structure of simulation. The trimmed mesher and the
surface remesher are applied for mesh discretization. The latter is employed to generate
volume meshes, while the former is used for surface meshes. Specifically, the prism mesh
was generated at the boundary layer close to hull surfaces, with a layer number of six.
To satisfy the requirement of 30 < y+ < 100, the total thickness of the boundary layer is
limited to 0.042 m. For a reasonable mesh distribution instead of a uniform grid, three
refinement levels are identified from inside out. The interface of the two-phase flow is
another refinement region to capture the elevation in the free surface precisely. Additionally,
the VOF method, one of the multiphase flow models, is adopted to identify phases of water
and air. Taking the complexity of specific geometric structures into consideration, local
mesh refinement is also implemented in parts including the bow, the stern, and the rudder.
A three-degree-of freedom vessel is investigated by solving the equations for rigid body
motion, including heave, pitch, and roll motions during the simulation.

 

Figure 3. Mesh structure of simulation.
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Virtual oblique towing tests contain conditions of drift angles ranging from 0◦ to 12◦.
Table 3 introduces specific working conditions of simulation. The velocity vm of the ship
model is constant, corresponding to a Froude number (Fr) of 0.20.

Table 3. Computational case conditions.

Drift Angle (deg) Velocity of Model (m/s) Fr

0, 4, 8, 12 1.1 0.20

When conducting the simulation of the OTT, ship motions are confined to the trans-
verse X-Y plane. Hence, particular attention is paid to longitudinal force X, lateral force Y,
and yaw moment N. For simplification, non-dimensional longitudinal force X′ and lateral

force Y′ can be derived by dividing
1
2

ρvm
2Lppd, while non-dimensional yaw moment

N′ =
N

1
2 ρvm2Lpp

2d
.

2.4. Orthogonal Uncertainty Analysis

During the use of numerical tools, great necessity is attached to an uncertainty analysis
relating to multi-factors. When estimating numerical errors and uncertainties, at least three
sets of data in relation to one variable are in demand for verification. Considering the
efficiency of the analysis, the OEM is utilized for the simulation of the OTT. The application
of the turbulence model is deemed as influence factor A, selection of grid base size is
regarded as influence factor B, and setting of the time step is taken as influence factor C.
Figure 4 illustrates the workflow of the orthogonal uncertainty analysis method employed
in this work.

Figure 4. Workflow of orthogonal uncertainty analysis method.

During orthogonal experimental tests, the count of test conditions is denoted as n,
while the number of influence factors as p and number of levels as q. For convenience,
the relevant indicator of an experiment with a serial number of a is denoted by Yij

(a),
where i represents the order of the influence factor and j stands for the order of the level,
respectively. Average values at targeted levels Kij play a significant role in the OEM
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including an intuitive analysis and variance analysis, implemented as a qualitative analysis
and quantitative analysis, respectively. Calculation equations are provided as follows:

KN,ij =
q
n

n/q

∑
a=1

Y(a)
N,ij (3)

KE,ij =
q
n

n/q

∑
a=1

Y(a)
E,ij (4)

where subscript ‘N’ represents data obtained by means of numerical simulation and ‘E’
refers to the relative error between results calculated from the numerical method and
experimental measurement. To put it another way, KN,ij

(a) stands for numerical results
of influence factor i at the level j (denoted as serial number of a). In this work, YN,ij

(a)

is deployed in the uncertainty analysis and YE,ij
(a) is calculated for comparison between

influence factors.
In a gesture to the winnow prominent influence factor, which has a great impact on

the relative error, an analysis of variance is conducted alongside the intuitive analysis.
The definition of extreme deviation Rj is shown as Equation (6), and the influence factor
corresponding to the minimum value of extreme deviation will be taken as the baseline:

Rj = max
(
KE,ij

)
− min

(
KE,ij

)
(5)

Take the relative error of influence factor i at the level j (denoted as serial number of a)
YE,ij

(a) as an indicator, and the average of results is as follows:

T =
1
n∑ Y(a)

E,ij (6)

Then, Si stands for the sum of the standard deviation, which is concerned with all
influence factors:

Si =
n
q

q

∑
j=1

(
KE,ij − T

)2 (7)

After the summation of standard deviation obtained through Equation (7), mean
square MSi can be calculated as follows:

MSi = Si/ fi =
n
q

q

∑
i=1

(
KE,ij − T

)2
/

(p − 1) (8)

where fi indicates the degree of freedom.
Aiming at quantifying the effect of the influence factor, test statistic Fi is applied to

compare impact with the baseline, which is written as follows:

Fi = Si/Se (9)

where Se corresponds to the sum of the standard deviation for the influence factor with the
minimum extreme deviation.

A smaller value of the test statistic indicates a less significant role. Hence, influence
factors with a test statistic below the reference value will not be taken into account in
the subsequent uncertainty analysis. For space reasons, relevant procedures will not be
introduced in this paper, which can be found in published study [27].
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3. Numerical Results

3.1. Effect of Selected Influence Factors

During the simulation of an OTT, an OEM is utilized for a comprehensive analysis
on the effects of various computational settings. Definitions of influence factors A, B, and
C are stated in Section 2.4. For each influence factor, three different levels are chosen for
the analysis, as presented in Table 4. With regard to the turbulence model, level 1 and 2
stand for the widely used two-equation models SST κ-ω model and Realizable κ-ε model,
respectively. A Reynolds Stress Model (RSM) is represented by level 3, which is another
effective tool to address complex flow phenomena. Taking the grid discretization method
and computing time into account, the DES model or LES model is excluded from the design
of an orthogonal array. Concerning grid convergence research, a refinement ratio of

√
2 is

chosen according to reference [27] in maneuvering tasks.

Table 4. Relative error of test conditions by OEM.

No.
Influence
Factor A

Influence
Factor B

Influence
Factor C

State of
Conditions

Relative
Error (%)

1 SST κ-ω 0.05 m 5 × 10−3 s A1B1C1 −12.54
2 SST κ-ω 0.07 m 0.01 s A1B2C2 −10.81
3 SST κ-ω 0.10 m 0.02 s A1B3C3 −6.74
4 Realizable κ-ε 0.05 m 0.01 s A2B1C2 −12.43
5 Realizable κ-ε 0.07 m 0.02 s A2B2C3 −9.64
6 Realizable κ-ε 0.10 m 5 × 10−3 s A2B3C1 −6.02
7 RST 0.05 m 0.02 s A3B1C3 −10.45
8 RST 0.07 m 5 × 10−3 s A3B2C1 −7.82
9 RST 0.10 m 0.01 s A3B3C2 −1.72

The orthogonal array is also illustrated in Table 4 as the column of ‘State of Conditions’,
indicating the parameter configuration for the numerical simulation. Two principles for
the design of test conditions are the uniform distribution and homogeneous design. To
guarantee the orthogonality of the test design, the occurrence frequencies of level 1, 2, and 3
for the influence factor are identical. In addition to this, the combination of level orders
concerning either of the two influence factors is also the same. Values of relative errors
related to each state of experimental conditions are also provided. Among all conditions, it
can be observed that data obtained through the CFD method are smaller than experimental
results. The peak value of the relative error comes to −12.54% under the experimental
condition of A1B1C1, while the minimum value is about −1.72%.

Average values at different levels are listed in Table 5, together with extreme deviations
of three influence factors, which reflect the extent of significance. From the results, the
impact exerted by the influence factor C is negligible. With the variation of the time step
from 0.01 s to 0.02 s, the extreme deviation is only 0.62%. As a result, the time step is chosen
as the baseline factor for the variance analysis. Values of the test statistic are consistent
with the extent of significance obtained from extreme deviation. The impact of grid base
size imposed on the numerical results cannot be ignored. Compared with the time step, the
test statistic of grid size reaches 32.32, which is larger than the reference value of F0.95 = 19.
Among the three influence factors, grid size plays the most significant role in numerical
simulation, followed by the turbulence model.

In order to carry out an intuitive comparison of results obtained with different tur-
bulence models, the longitudinal force and lateral force are plotted under an Fr of 0.20 as
displayed in Figure 5. During post-processing, the ship hull is divided into 100 parts at an
interval of Δx/Lpp = 0.01. Values of each part can be obtained by means of integration ac-
cording to the active area. The force induced by pressure and viscous effect are designated
as subscripts p and s, respectively. For instance, physical quantity Xp represents the part of
longitudinal force deriving from pressure while Ys denotes the part of lateral force resulting
from friction. The drift angle is chosen as 12◦ for a more conspicuous separate flow in
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the virtual test. In the figure, the ordinate represents the variation in the longitudinal
direction with a non-dimensional parameter x/Lpp for convenience, while the abscissa
represents the values of forces. From the gradient of value, the pressure component makes
a major contribution, particularly in lateral force. The grey line indicates data related to
the SST κ-ω model, while the red line and blue line correspond to level 2 and level 3 of
turbulence models, respectively. The diversity of the turbulence model can be observed
facilely in forces stemming from the viscous effect of water, especially in the range of
x/Lpp = 0.45~0.70. To put it another way, the discrepancy between curves of the pressure
component in different colors is not as distinct as that of the shear component, which is
consistent with results in Table 5.

Table 5. Intuitive analysis results and variance analysis of non-dimensional sway force Y′.

Influence Factor A Influence Factor B Influence Factor C

KE,i1 −10.03% −11.81% −8.79%
KE,i2 −9.36% −9.42% −8.32%
KE,i3 −6.67% −4.83% −8.94%

Ri 3.36% 6.98% 0.62%
Extent of significance B > A > C (influence factor B ranks first)

Sum of standard deviation Si 1.905 × 10−3 7.550 × 10−3 0.064 × 10−3

Degree of freedom fi 2 2 2 F0.95(2,8) = 19
F0.99(2,8) = 99

Mean square MSi 0.952 × 10−3 3.775 × 10−3 0.032 × 10−3

Test statistic Fi 8.154 32.32 0.272

  
(a) Pressure component in longitudinal direction (b) Shear component in longitudinal direction 

  
(c) Pressure component in transverse direction (d) Shear component in transverse direction 

Figure 5. The distribution of forces along the longitudinal and the transverse directions by using
different turbulence models.
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To implement the requisite quantitative analysis, the GCI is applied to estimate the
uncertainty caused by the grid size, which is a quantifiable influence factor. It is worth
mentioning that the average value at different levels of KS,ij is taken as a substitute for
numerical results in the grid convergence study, which can be found in Table 6. Utilizing
the SST κ-ω model at a time step of 0.01 s, it only takes the influence exerted by grid size
into consideration. Surge force is opposite to the forward direction, manifested as negative
values in the table. For the sake of convenience, number 1 represents the fine grid, while
numbers 2 and 3 stand for medium and coarse grids, respectively. Corresponding grid
numbers are 4.15 × 106, 1.64 × 106, and 0.66 × 106 in sequence. To guarantee a monotonic
convergence condition, hydrodynamic forces and moment are non-dimensionalized to fall
in the range of 0 to 1, including dimensionless forms of drag force X′, transverse force Y′,
and yaw moment N′. When comparing the results of adjacent convergence models with
symbols 1 and 2, the approximate relative error ea

21 is below the acceptable upper limit of
5%, as well as the GCI21 index.

Table 6. Results of grid convergence analysis.

Parameter
Dimensionless
Surge Force X′

Dimensionless Sway
Force Y ′

Dimensionless Yaw
Moment N′

KS,1 (×10−3) −20.246 60.802 27.925
KS,2 (×10−3) −20.260 62.447 28.157
KS,3 (×10−3) −20.658 65.614 28.621

ε21 −1.420 × 10−5 1.6453 × 10−3 2.319 × 10−4

ε32 −3.978 × 10−4 3.1664 × 10−3 4.635 × 10−4

R 0.0357 0.5196 0.5003
pGCI 3.7033 0.7524 0.7928
ea

21 0.070% 2.706% 0.830%
GCI21 0.003% 3.332% 0.948%
ea

32 1.963% 5.071% 1.646%
GCI32 0.091% 6.537% 1.970%

Figure 6 displays the distribution of sway force on both sides along the longitudinal
direction under different grid sizes, which is also integrated by uniformly distributed
sections with the same Δx. For an intuitive comparison, it has to be stressed that negative
values on the portside are plotted. Under the condition of a 12◦ drift with vm = 1.1 m/s, a
smoother transition can be noticed with the fine grid. In other words, an increase in the
grid number can bring about an improvement in accuracy to some extent. Nevertheless,
when the grid number reaches a certain value, the promotion of accuracy may be negligible
regarding the consumed computing resources. For convenience, we take the bow of the
hull as the position of x = 0, and stern of the model as x = 1. From lateral force acting
on the portside, peak values emerge at the distance of x/Lpp = 0.139 and 0.522, which
is independent of grid size. Such a phenomenon also takes place when it comes to the
starboard side, with a different peak point at x/Lpp = 0.064. In addition to the location of
the peak value, discrepancy also exists between the magnitude of lateral force on two sides,
which can be attributed to the influence of the drift angle, irrelevant to the refinement of the
grid in this research. Combined with GCI values, the intermediate set of grid size, which
equals 0.07 m, could satisfy the calculation accuracy of hydrodynamic force.
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(a) Inverse value of lateral force at the portside (b) Lateral force at the starboard side 

Figure 6. Lateral force at two sides under diverse grid sizes.

3.2. Numerical Results under Different Test Conditions

Based on the analysis undertaken in Section 3.1, the effects of three influence factors at
various levels are investigated, and suitable computational settings for a virtual static drift
test are received. The combination of both the grid size and time step at level 2, together
with the RST turbulence model, is a proper selection. Apart from the simulation accuracy,
the stability of the solution and the difficulty of convergence should also be considered.
Hence, the SST κ-ω model is employed for simulation under several drift angles. Table 7
provides a comparison between solving results and experimental data given by the NMRI
under drift angles of 6◦ and 12◦. It can be observed that dimensionless surge force and
sway force calculated through numerical simulation are smaller than those obtained by
experiments, while the numerical result of the dimensionless yaw moment is larger. From
the results, the maximum value of the relative error occurs when the drift angle reaches
12◦, which is about 11.37% for the non-dimensional yaw moment. It can be attributed to
many reasons. For a static drift test, hydrodynamic forces and moment are affected by flow
separation, especially that taking place around the sonar dome. The difficulty in capturing
the onset and progression increases at a larger drift angle. However, the RANS turbulence
model has its limitation in shielding of the boundary layer, which may result in a large
error. Additionally, the more unsteady behavior of the free surface under the condition of a
12◦ drift test poses a greater challenge for the grid discretization method. Inalterable grid
refinement regions as the condition of small-drift-angle tests may underperform during
the simulation of interaction between the fluid and ship hull. The average relative error of
hydrodynamic forces and moment is nearly 10% within the acceptable range. Generally
speaking, adopted computational settings can meet the requirement for the simulation of
an OTT.

Table 7. Validation of the CFD method compared with experimental data provided by NMRI.

Drift Angle
Physical
Quantity

Experimental
Data (×10−2)

Numerical
Result (×10−2)

Relative Error
(%)

β = 6◦
X′ −1.938 −1.900 −1.95
Y′ 2.338 2.220 −5.06
N′ 1.271 1.328 4.55

β = 12◦
X′ −2.211 −2.072 −6.27
Y′ 6.894 6.480 −6.02
N′ 2.455 2.734 11.37
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With the transformation of the drift angle, the incident direction of incoming flow
alters while positioning of the vessel remains. To illustrate the interaction between the
vessel and fluid, Figure 7 depicts the volume fraction of water at the bow. Under the
drift angle of 0◦, the distribution of water is the same on two sides of the hull. When
the drift angle increases from 0◦ to 12◦, the discrepancy between two sides can be easily
observed, especially in the case of a 12◦ drift angle. The larger the drift angle is, the larger
the difference between crests at the portside and the starboard side will be.

Figure 7. The general view of waterlines with a drift angle in the range of 0~12◦.

For a clear representation of wave elevation, Figure 8 displays the top view of the free
surface at an interval of 4◦ for the drift angle. The wave height at the portside and the
starboard side correlates to the distribution of pressure on the hull, which is closely bound
up with the acting force attributed by fluid. Apart from this, contours of the wave pattern
are also displayed in Figure 8 as supplementation. The grey line denotes the portside while
the red line represents the starboard side, both of which are extracted at sections located
0.072 Lpp away from the longitudinal section. Under different drift angles, the diversity
of wave height concentrates on the region of x/Lpp = 0~1. In particular, critical positions
can be observed near x/Lpp = 0.177 and x/Lpp = 0.828, which correspond to the regions
of the fore body and the aft body, respectively. Under the 4◦ drift condition, the wave
surface ahead of the bow is conspicuously elevated at the starboard side, with a maximum
difference in wave height of 0.027 m. Accompanied by the increase in the drift angle, more
obscure deviation in wave height at two sides can be observed. The dispersed waves at the
portside vanish gradually with the opposite situation observed at the other side, especially
in the bow region.

During the oblique towing test, the onset of the included angle between the incoming
flow and the vessel will give rise to pressure differences around the hull, which can be
attributed to the asymmetry of the fluid at the portside and the starboard side. It is undeni-
able that hydrodynamic forces and moment exerted on the vessel are deeply dependent
on the flow field. From Figure 9, divergence can be observed between longitudinal distri-
butions of pressure in drift angle tests, especially in the region of x/Lpp = 0~0.2. Similarly,
the difference of pressure distributed at two sides is more significant with an increase in
the drift angle. The existence of a bulbous bow exaggerates the difference originating from
the oblique flow. After development along the longitudinal direction, there is a minor
discrepancy between pressures on the two sides.
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(a) drift angle of 0° 

 
(b) drift angle of 4° 

 
(c) drift angle of 8° 

(d) drift angle of 12° 

Figure 8. Comparison of wave height along longitudinal direction.
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(a) drift angle of 0° (b) drift angle of 4° 

  
(c) drift angle of 8° (d) drift angle of 12° 

Figure 9. Pressure distribution on the hull along the longitudinal direction.

The pressure difference at two sides along the longitudinal section leads to disparity
in the velocity component, which is a significant indicator of the flow field. The asymmet-
rical velocity field around the symmetrical vessel, displayed in Figure 10, results in the
generation of diverse sway force, with the solid line corresponding to the portside and the
dashed line for the starboard side. The distribution of fluid velocity is symmetrical under
the condition of β = 0◦, which is similar to Figures 7–9. It is noticeable in the difference of
lateral force at two sides with an increase in the drift angle. The greatest disparity of |Fy|
emerges at the location of x/Lpp = 0.055 in the 12◦ drift angle test. At the starboard side, the
maximum lateral force is 33% higher than that at the portside, which comes up to 11.94 N.
For an intuitive analysis of local areas, velocity components on sections of x/Lpp = 0.12 and
x/Lpp = 0.88 are also demonstrated in Figure 10, corresponding to bow and stern regions,
respectively. The dimensionless parameter u′ is selected for illustration, and contours are
demonstrated from the perspective of the stern. The velocity component in the longitudinal
direction experiences continuous reduction when the drift angle increases. In the bow
region of the vessel (section x/Lpp = 0.12), fluid at the starboard side shows higher longitu-
dinal velocity speed, especially in Figure 10d. On the contrary, the opposite appearance is
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perceived at the section of x/Lpp = 0.88. The asymmetry in velocity component arises from
the lateral flow, which brings about a leaking vortex in the region near the bulbous bow.
The deviation extent of fluid will be enhanced due to the interaction between the leaking
vortex and the boundary layer at the starboard side of the vessel.

(a) drift angle 0° (b) drift angle 4° 

  
(c) drift angle 8° (d) drift angle 12° 

Figure 10. The comparison of lateral force on two sides of the hull.

The longitudinal evolution of turbulent kinetic energy is depicted in Figure 11. The
asymmetry can be easily observed when the drift angle increases, which shows consistency
with that of the longitudinal velocity component. Nevertheless, the magnitude is under-
estimated due to anisotropy in a Reynolds Stress Transport model [28]. As a result, these
contours are merely appropriate for the reflection of a certain distribution pattern.
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Figure 11. Turbulent kinetic energy at different sections.

3.3. Vortical Structures

With keen attention paid to detailed flow separation and realistic demand for an
authentic representation of the real physics, researchers are in persistent pursuit of cap-
turing vortex structures. In a gesture to look deeper into the physical mechanisms of the
asymmetrical flow field, a comparison is made with the method of the RANS model and
DES model [29]. The main time-averaged vortical structures occurring around the ship
hull under a static drift condition of 12◦ are illustrated in Figure 12, together with the
position of fluid in contrast to the free surface. For vortex identification, the iso-surface of
the Q-criterion [30] is displayed with a threshold of 50, which is colored by the vorticity
magnitude. The major vortex structure is the windward sonar dome tip vortex (WW-SDTV).
It can be clearly distinguished from the sonar dome end tip. Under the premise of an iden-
tical grid refinement method at the same location, the discrepancy in the evolution of the
WW-SDTV can be easily detected when utilizing two different models. In Figure 12b, the
vortex stretches to a longer range along the hull. To put it another way, the progressive
damping of the WW-SDTV simulated by the RANS method is faster. Concerning the stern
vortex (SV), more detailed vortex structures are visible when utilizing the DES method.
Apart from this, a smoother transition of the kelvin wave is observed, indicating a better
solution over the wake field.

For the research on flow separation and vortex shedding, the development of the
vortex in the direction of incoming fluid is demonstrated in Figure 13, with the extraction of
six sections along the hull. From longitudinal vorticity contours, the deflection of the vortex
is inconspicuous until the stern region in the 4◦ static drift test. Under high drift angles, the
evolution of the vortex at the portside is more violent, especially for 12◦ DES simulation.
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(a) results with the deployment of the RANS method (b) results with the deployment of the DES method 

Figure 12. Vortex structures obtained through RANS model and DES model.

(a) drift angle of 4° 

(b) drift angle of 6° 

(c) drift angle of 8° 

Figure 13. Cont.
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(d) drift angle of 12° 

Figure 13. Vorticity magnitude in different static drift tests.

Figure 14 depicts the simulation results of lateral force using the RANS method and
DES method. Two drift conditions are investigated, including drift angles of 6◦ and 12◦.
Subscripts of ‘P’ and ‘S’ in plots stand for the portside and starboard side, respectively.
Disparities are mainly distributed at the portside, where incoming fluid originates. An
abrupt variation of Fy,P solved by the RANS method is visible around the center of the vessel
in Figure 14a, with a maximum value and a minimum value. However, the distribution
pattern obtained by the DES method, representing a smoother transition at the portside,
does not match that of the RANS method. Concerning the starboard side, divergence can
hardly be observed when the drift angle is 6◦. When the drift angle increases to 12◦, the
variation tendency of Fy,S calculated by DES is similar to that of the 6◦ static drift condition,
showing distinct differentiation from the results of the RANS method. As illustrated in
Table 8, the dimensionless sway force acting on the hull under the condition of β = 6◦,
solved by the DES method, is 2.412 × 10−2. The corresponding relative error compared
with experimental data is 3.17%. For the 12◦ static drift test, the value of Y′ predicted by the
DES method is 6.168 × 10−2, which is close to the result achieved from the RANS method
as shown in Table 7. The above analysis demonstrates the outperformance of the DES
method in capturing details of vorticities, which is in accordance with the conclusion from
predecessors’ work [17]. For the sake of predicting hydrodynamic forces and moments, the
utilization of the RANS model is preferable, taking efficiency and accuracy into account.

  
(a) portside at β = 6° (b) starboard side at β = 6° 
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(c) portside at β = 12° (d) starboard side at β = 12° 
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Figure 14. The comparison of lateral force through the RANS method and DES method.

Table 8. Validation of the DES model compared with experimental data provided by NMRI.

Drift Angle
Physical
Quantity

Experimental
Data (×10−2)

Numerical
Result (×10−2)

Relative Error
(%)

β = 6◦ Y′ 2.338 2.412 3.17
N′ 1.271 1.356 6.71

β = 12◦ Y′ 6.894 6.168 −10.53
N′ 2.455 2.744 12.99

4. Conclusions

A systematic analysis is conducted qualitatively and quantitatively to explore the roles
of three influence factors in the computational study of the KCS. The aim of simulation
determines the selection of the computational method. After the discussion of the oblique
flow field in virtual static captive tests, some conclusions are addressed in the following:

Among influence factors of the grid size, turbulence model, and time step, grid size
plays the most significant role in numerical simulation, followed by the turbulence model.
According to the verification of numerical results, the relative error of the yaw moment is
larger compared with longitudinal force and lateral force.

From the oblique flow field, the diversity between the lateral force at the portside and
the starboard side along the longitudinal direction becomes more conspicuous with a larger
drift angle, especially in the bow region.

The DES method has irreplaceable advantages in providing detailed information
about vortex structures. Nevertheless, the utilization of the RANS model is preferable for
the sake of predicting hydrodynamic forces and moments.
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Nomenclature

Bwl beam at waterline m
CB block coefficient
f gravity N
Fi test statistic
fi degree of freedom
Fr Froude number
Fy lateral force N
GM metacentric height m
h wave height m
Kij average values at targeted levels
Lpp length between perpendiculars m
MSi mean square
N′ non-dimensional yaw moment
P pressure Pa
S wetted surface area m2

T draught m
Rj extreme deviation
Si sum of the standard deviation
vm velocity of ship m/s
ui x-coordinate components of velocity m/s
uj y-coordinate components of velocity m/s
X′ non-dimensional longitudinal force
Xp part of longitudinal force deriving from pressure N
Xs part of longitudinal force deriving from friction N
Y′ non-dimensional lateral force
YE,ij

(a) relative error of the orthogonal experimental test with a serial number of a
YN,ij

(a) simulation result of the orthogonal experimental test with a serial number of a
Yp part of longitudinal force deriving from pressure N
Ys part of longitudinal force deriving from friction N
y+ dimensionless wall distance
Abbreviations
CFD Computational Fluid Dynamics
DES Detached Eddy Simulation
DPM Discretized Propeller Model
GCI Grid Convergence Index
KCS KRISO Container Ship
OEM Orthogonal Experimental Method
OTT Oblique Towing Test
RANS Reynolds Averaged Navier Stokes
RSM Reynolds Stress Model
SV Stern Vortex
TKE Turbulent Kinetic Energy
WW-SDTV Windward Sonar Dome Tip Vortex
Greek symbols
β drift angle

◦

ε dissipation rate m3/s2

κ turbulent kinetic energy J/kg
μ viscosity Pa·s
ρ density kg/m3

ω dissipation rate m3/s2

∇ volume of displacement m3
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Subscripts
i influence factor
j level
m phase id
P values of the portside
S values of the starboard side
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Abstract: Naval hydrodynamics typically focus on reducing ship resistance, which can be achieved
by incorporating a bulbous bow. This feature is commonly used in the merchant fleet and smaller
vessels, such as fishing boats, to minimize wave-making resistance. However, it is important to
note that the use of a bulbous bow may not always be necessary or effective in all ship designs. In
some cases, fishing ship designs may include a bulbous bow that is not optimized due to the use
of procedures and methods intended for larger merchant ships or based on past experience. This
study examines the effect of different bow designs, including the bulbous bow, on ship resistance
in calm water, with a focus on a typical Argentinian trawler fishing vessel. The objective of this
research is to assess the hydrodynamics of various designs for a particular ship by modifying its
vessel lines. Firstly, the bulbous bow is removed, and then the reduction in ship resistance achieved
by the bulbous bow under different load conditions and speeds is evaluated by comparing the vessel
with and without the bulbous bow. The numerical analysis is performed using OpenFOAM, and the
results are validated through towing tank experiments. This research indicates that the performance
of the bulbous bow varies under different conditions. Therefore, it is recommended to conduct an
initial study and a full evaluation of the design and operation alternatives.

Keywords: ship resistance; EFD and CFD; fishing vessels; bulbous bow; ship design

1. Introduction

In naval hydrodynamics, one of the main evaluations that should be carried out in the
early stages of ship design is the ship’s resistance. This is related to the operational speed
of the ship that is established in the ship’s contract. An accurate prediction is basic for an
appropriate ship use. In addition, this resistance will influence other areas such as engine
selection, stability analysis, scantling, etc., without taking into account the huge impact
that might be produced on the ship’s operation, profitability, and performance.

Historically, when dealing with the early stages of ship design, nonexpensive and
accessible procedures are used. These procedures are regression and statistical methods
based on database information from previous towing tank experiments and sea trials,
such as [1] or, one of the most used, the Holtrop and Mennen method [2]. These methods
are used as guides, but they are also used with certain caution due to the uncertainties
presented when compared with numerical or experimental studies, such as those presented
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by [3], where discrepancies of up to 30% in ship resistance were found for fishing vessels.
In [4], there are also large differences in resistance found between regression methods and
CFD. As it was presented, these differences present a high impact on environmental ineffi-
ciencies which might lead to a wrong design or even operational problems. The presented
differences come, for instance, from the fact that regression and statistical methods are
unable to evaluate the skills of a naval architect drawing lines or drawing a bulbous bow in
different ways.

As the design stages progress, the needs change towards more reliable and accurate
methods or procedures. These methods are required since a good capture of the drawing
lines effects, viscous effects, or wave breaking, among others, is essential for a good
resistance evaluation. Nowadays, two procedures are the most used and recognized by
the ITTC (International Towing Tank Conference). On the one hand, experimental fluid
dynamic (EFD) tests carried out in towing tanks are considered the most reliable procedure.
On the other hand, there are computational fluid dynamics (CFD) simulations that allow
many different trials and visualizations for those that do not have access to experimental
results as a reliable alternative, as is presented in the text of [5]. This last alternative is
commonly used in design as a tool for testing different design concepts during the last
years, commonly validated and used for ship resistance determination in calm water.

For the research community and experts in the field, the ITTC publishes Recommended
Procedures in order to establish guidelines to follow for a consistent methodology both
numerical and experimental in order to obtain the most accurate and reproducible results
with a minimum error.

In hull design, a bulbous bow is commonly incorporated below the waterline because
it helps reduce total drag and installed power, improving the economics of the design
by reducing fuel consumption. Assuming the vessel maintains a consistent speed, an
appropriate bulbous bow design can lead to favorable interference between the bow waves
generated by the bulb and those generated by the hull alone. According to [6,7], this can
lead to a decrease in resistance of between 12% and 15%. Other types of bows, such as
dihedral bulbous bows, have been confirmed in [8,9] as good alternatives for ship resistance.
These bulbous bows present a resistance reduction for small fishing vessels under varying
loads and speeds. The study was performed with model scale ships and calm water,
numerically and experimentally noting that the use of a bulbous bow should be considered
once a certain speed is reached.

However, an erroneous design may cause a detrimental interaction between these two
wave systems, resulting in a substantial rise in ship resistance. This topic, for instance, is
important, as shown in [10]. Due to the complex interactions between the bulbous bow
waves and hull, ship designs cannot be universally efficient or standardized for all speeds
and operating conditions. This is because different speeds and varying load conditions
must be taken into consideration for each vessel’s operation. When traveling to and from
fishing grounds, trawler fishing vessels experience different displacements and speeds. It
is important to note that the weight of the fish capture can also impact the displacement
and speed of the vessel when returning to port. These can also be affected by factors such
as weather conditions and competition with other fishing vessels. In this sense, the bulbous
bow is placed in a fixed ship, which makes the ship have different efficiencies according to
the specific operation condition that the ship has throughout its lifetime. For this reason,
sometimes, the election of a bulbous bow is mostly a compromise election that is based on
multiple considerations and evaluations.

Designing a bulbous bow is a complex and controversial task that lacks a standardized
procedure. Model tests have been conducted to select an optimal bulbous bow design
with minimal resistance, but they can be time-consuming and expensive [11]. Numerical
methods can aid the design process when model tests are not feasible. The authors of [12]
conducted one of the most well-known experimental studies on bulbous bow models.
The study involved testing numerous models and using statistical analysis to develop
design charts that are commonly used in bulbous bow design. The study involved testing
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numerous models and using statistical analysis to develop design tables that are commonly
used in bow design, but the tables are not suitable for smaller fishing vessels, and if used
by design engineers, the resultant bow may not be optimal due to the differences between
the designed bow and those used in the trials designed for larger vessels.

Previous research is based on Kracht’s work [13] or [14]. Some studies use CFD
analysis to optimize design variables, such as the length, breadth, frontal area, and depth
of a bulbous bow. CFD has been used more often than experimental studies [15–17].

Bulbous bows have been applied in Argentinian fishing vessels. In Argentina, the
fishing industry has changed since 1960. Hake fishery started in 1961, changing into the
incorporation of fresh fish ships in 1970, which brought an enhancement of the capture
quality and freshness. In 1976, processing ships allowing freezing were introduced, while
in the 1980s, an expansion of the shrimp fishery appeared [18]. Nowadays, Argentina
has started a fleet modernization using more environmentally sustainable technologies
to improve crew safety. Aligning with this modernization, studies of hydrodynamic
optimizations might be interesting from a consumption and operation point of view, with
whether to use or not use a bulbous bow being one of the most relevant topics.

This study aims to assess the effectiveness of a bulbous bow for a fishing trawler that
has been in use for over 20 years. This research began with the design and validation
approximation presented in [19,20]. The ship lines used are the typical lines of an Argen-
tinian fishing vessel which was initially designed with a bulbous bow. To achieve this, the
authors decided first to evaluate the hydrodynamics of the original vessel with a bulbous
bow numerically and experimentally in order to quantify its resistance and hydrodynamic
behavior. The plan was to remove the bulbous bow from the original ship design, which is
a unique and innovative approach to ship design. This inverse procedure has no previous
references. Using CFD, this study compares the hydrodynamic behavior of the original hull
with the bulbous bow with the two hulls designed without it. The results provide valuable
insights into the range of applications of the original bulbous bow and two typical fishing
bow designs. This will lay the foundation for future bow designs using the knowledge
gained from these studies. This research provides valuable data for different operational
conditions of a fishing vessel and also provides useful information on bow behavior in calm
water that can be used for consideration in different cases. The results are in a field where
limited research is found, which makes it important to evaluate the forces’ decomposition
for each case that identify the determinant factors for each case of sailing, because this will
provide some useful ideas for naval designers when this topic is considered.

This paper is organized as follows: A description of the model and full-scale ship, the
towing tank, and the experimental setup is presented in Section 2. The numerical set-up
and procedure are described in Section 3. The results are presented in Section 4, and finally,
the main conclusions are given in Section 5.

2. Towing Tank Experiments

Towing tank experiments are the traditional way of obtaining the resistance–velocity
curve for a specific ship. The accuracy provided by the experiments allows one to validate
the numerical procedure with the obtained results. For this reason, in this work, the total
model resistance is measured by Froude numbers (Fn) between 0.1 and 0.45. With Fn
defined as

Fn =
V√

gLWL
(1)

with V being the model ship velocity, LWL the model length on the waterline, and g the
acceleration of gravity. As mentioned in the introduction, towing tank experiments are
highly costly. For that reason, it was decided to only experimentally study the original case,
the ship with a bulbous bow, which will serve as the CFD validation.
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2.1. Model Ship Description

In the present research, the ship lines used are similar to a typical Argentine fishing
vessel. This ship is built with a model scale λ = 20 using Glass-Fiber Reinforced Plastic
(GFRP), taking into account the ITTC procedures for manufacturing [21]. Special attention
was paid to tolerances and surface finish manufacture, as well as the location and size of
the turbulence stimulation wires.

The principal characteristics of the model and full-scale ship are presented in Table 1.
This table represents the case with a bow of a typical Argentinian fishing vessel. Three
load conditions (LC) are presented in Table 1 for the model scale, since a full evaluation of
those three load conditions will be performed. These are identified as a full load condition
(LC heavy), an intermediate load condition (LC medium), and a ballast condition (LC
light). The principal characteristics of the full-scale ship are presented only for the ballast
condition (LC light) for reference purposes.

Table 1. Main parameters of full-scale ship and ship model.

Main Particulars Symbol Unit
Full Scale LC

Light
Model LC

Light
Model LC
Medium

Model LC
Heavy

Model scale λ [-] - 20 20 20
Length on waterline LWL [m] 32.68 1.634 1.662 1.641

Length, overall submerged LOS [m] 34.795 1.670 1.740 1.740
Breadth B [m] 9.28 0.464 0.464 0.464
Draught T [m] 3.30 0.165 0.180 0.195

Displacement volume ∇ [m3] 599.40 0.075 0.085 0.095
Wetted surface area S [m2] 392.67 0.982 1.058 1.124

Block Coefficient CB [m] 0.60 0.60 0.61 0.64
Midship section coefficient CM [m] 0.86 0.86 0.87 0.89

The three models used for this research are shown in Figures 1–3. The original model
is shown in Figure 1, and then two alternatives were tested in order to evaluate their
hydrodynamics in calm water. As presented previously, there is not a general rule for ship
bulbous bow design. Therefore, the designs shown in Figures 2 and 3 were based on the
authors’ experience with similar ship designs. It was decided to study inclined and straight
bow shapes since the straight bow is common in traditional designs without a bulbous
bow, and the vertical bow was considered a limit case of the previous bow shape, which
also maximizes the waterline length. For designing these models, the ship lines and all the
ship characteristics were kept the same, with the only change being the bulbous that was
removed. Then, the bow was closed in two different ways.

Figure 1. Bulbous bow model (BBM): front view (left) and side view (right).

125



J. Mar. Sci. Eng. 2024, 12, 436

Figure 2. Inclined bow model (IBM): front view (left) and side view (right).

Figure 3. Straight bow model (SBM): front view (left) and side view (right).

2.2. Experimental Set-Up

The University of Buenos Aires towing tank was used to conduct experimental tests.
The tank measures 72 m in length, 3.6 m in width, and has a depth of 2 m. Figure 4 shows
a picture of the model. Two trip wires of 1.0 mm were employed to promote turbulence.
One is located downstream from the fore perpendicular at a distance equal to five percent
of LWL. And another is downstream the bulb fore-end at a distance equal to one-third the
bulb length.

The force measurement procedure consists of attaching the ship model, once ballasted,
to a dynamometer. An R47 by Kempf & Remmers one-component force transducer capable
of handling a full-scale load of ±100 N with a sensitivity of approximately ±1 mV/V was
used. The model was only free to move in trim and sinkage.

The resistance measurements’ uncertainty analysis considers several components,
including hull geometry, towing speed, water temperature, dynamometer calibration, and
repeat tests.

The standard uncertainty for each component is estimated individually and then
combined using the Root Sum Square (RSS) method [22]. The best estimate of resistance is
determined by adopting the mean of repeat resistance measurements. Table 2 shows the
uncertainty component of the mean (with N = 4 repeat tests) for four different speeds As
seen in Table 2, the dynamometer and the precision of measurement are the major sources
of the uncertainties originating in the repeat tests. The expanded uncertainties presented in
Table 2 correspond to a 95% confidence level.
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Table 2. Combination of uncertainty in measurement for resistance at Fn = 0.14, Fn = 0.26, Fn = 0.37,
and Fn = 0.45. Repeat test N = 4.

Uncertainty Components Fn = 0.14 Fn = 0.26 Fn = 0.37 Fn = 0.45

Hull geometry 0.05 0.05 0.05 0.05
Speed 0.067 0.067 0.067 0.067

Water temp. 0.03 0.03 0.03 0.03
Dynamometer 4.73 1.04 0.35 0.12

Repeat test, Deviation a 5.00 3.50 1.50 1.10
Combined for single test 6.88 3.65 1.54 1.11

Repeat test, Deviation of mean 2.50 1.75 0.75 0.55
Combined for repeat mean 5.35 2.04 0.83 0.57
Expanded for repeat mean 10.70 4.08 1.66 1.14

a Repeat test, Deviation = (Repeat test, Deviation of mean) × N1/2.

Figure 4. Top: experimental model. Bottom: tripwire detail.

3. CFD Description

Nowadays, computational fluid dynamics (CFD) is extended to a wide range of areas.
In naval engineering, CFD is used in many topics, with resistance calculation being one
of the most interesting ones [8]. OpenFOAM is a commonly used code for this task and
in research. This one is an open tool based on the finite volume method that implements
the equations for fluid dynamics, Navier–Stokes equations, different numerical schemes,
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and turbulence methods, among other equations. In this work, this tool is used for creating
the mesh and solving the numerical equations. The software Rhinoceros 7 was used for
creating the geometry and Paraview for visualizing the results.

We compared free heave and pitch CFD cases with constrained cases (fixed sinkage
and trim) and, even for the highest Fn, we did not find differences of more than 1.5 % in the
calculated resistance values. So, although trim and sinkage were monitored in the towing
tank tests in this work, we do not compare ship attitudes, because the CFD calculations
were carried out with fixed sinkage and trim in order to reduce the computational effort.

3.1. Numerical Equations

When the ship resistance is computed numerically, the equations to be used must
imply a Newtonian, turbulent, incompressible, and viscous flow. The equations of the fluid
used are then the momentum and mass equations of Navier–Stokes Equations (2) and (3).

∇ · Uf = 0 (2)

∂(ρ f Uf )

∂t
+∇(ρ f Uf Uf ) = ρ f g −∇p + μ f∇2Uf (3)

Since the turbulence cannot be solved in all the scales due to the computational
resources, a modelization is needed. The Reynolds-Averaged Navier–Stokes (RANS)
method is used with the SST k-ω model that provides good results, such as the ones
presented in [8]. This model is based on two equations, where k is the turbulent kinetic
energy, and ω is the specific dissipation rate.

On the other hand, these kinds of simulations imply the presence of two fluids, air
and water. Therefore, an equation that can handle the two fluids is required, that is, the
Equation (4) of the Volume of Fluid (VOF) method. This method distinguishes between 0
and 1 for a scalar α, indicating the proportion of fluid contained in the different domain cells.

∂(α)

∂t
+ Uf · ∇α = 0 (4)

3.2. Numerical Domain

A 3D domain was selected with the dimensions presented in Figure 5 after conducting
some simulations verifying that no blockage effect was present. Therefore, the different
domain walls are chosen far enough from the model to avoid any effect produced by
those walls.

Figure 5. Problem domain.
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3.3. Numerical Boundary Conditions

The numerical boundary conditions are presented in Table 3. It should be noted that
only half of the ship is computed in order to optimize computational resources. This implies
the use of the symmetry boundary condition.

Table 3. Numerical boundary conditions.

Patch U p k ω μ Turbulent

Inlet uniform fixed flux fixed value fixed value fixed value
Outlet zero gradient zero gradient zero gradient zero gradient zero gradient

Atmosphere zero gradient zero gradient zero gradient zero gradient zero gradient
Bottom symmetry symmetry symmetry symmetry symmetry

Midpl/Side symmetry symmetry symmetry symmetry symmetry
Ship no slip fixed flux wall function wall function wall function

3.4. Numerical Mesh

The mesh used for the numerical analysis was created using blockMesh and snappy-
HexMesh, both of these tools are provided by OpenFOAM. The mesh is structured with
92% hexahedrons and divided into uniform and graded zones. Figures 6 and 7 present
the final mesh, which has a horizontal expansion ratio of 1.3 and 1.2 in the ‘x’ and ‘y’ axes,
respectively, and a vertical expansion ratio of 1.2, all towards the center zone. The vessel
is contained within a block composed of hexahedrons with an aspect ratio of one, except
for the interface zone, where the cells were reduced by 25% of their height to accurately
capture wave height. The mesh is designed to ensure that the y+ value remains below 5 in
all cases.

Figure 6. General mesh view. Mesh 4.

Figure 7. Mesh zoom for different orientations. Mesh 4.

A mesh validation was conducted in order to see that the results provided by the
numerical procedure were obtained with a minimum error. Therefore, a convergence study
was conducted using the heavy LC and Fn 0.45. The different meshes tested, with the
cell size in the center box refined systematically by a ratio of 1.2, presented an oscillatory
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convergence, shown in Table 4. All the meshes presented show an error that might be
acceptable since it is lower than 4%. Finally, the simulations were conducted using a first-
order pseudotransient time scheme that employs a specific local time step. Therefore, there
is no need for further numerical sensitivity analysis. The numerical set-up is validated.

Table 4. Mesh validation.

Case Mesh Cells Fn F [N] Error (%)

EFD - 0.45 40.27 -
Mesh 1 633.938 0.45 40.26 0.02
Mesh 2 903.744 0.45 41.76 3.70
Mesh 3 1.213.419 0.45 40.34 0.17
Mesh 4 2.485166 0.45 41.16 2.21

4. Results

4.1. CFD Validation

Before analyzing the differences between the use of the bulbous bow and the two
different cases without a bow, the comparison between CFD and EFD drag resistance for
the case with bulbous was performed. Therefore, the drag forces obtained for the case with
bulbous bow at different speeds and different load conditions were compared. In Figure 8,
the drag forces are presented in a dimensionless way using the coefficient CT , which is
defined as

CT =
Drag
1
2 ρSv2

(5)

Figure 8. CT vs Fn for LC light, LC medium, and LC heavy.
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The numerical results present a good agreement with the experimental ones for all the
speeds and load conditions. In addition, the wave pattern generated by the ship model
is also compared in Figure 9, showing an apparently similar wake. According to these
results, the numerical procedure for the wake evaluation and the drag forces estimation
can be validated.

Figure 9. Wave pattern for different Fn and draught = LC heavy. Left: CFD. Right: EFD. First row:
Fn = 0.26, second row: Fn = 0.37, third row: Fn = 0.45.

The evaluation of different drafts is because fishing ships sail under different situations
depending on their activities and load. For instance, when the ship is fishing, it leaves
the port with an empty load, and when it is coming back to port it has fish inside it. Also,
the speed is determined by the sea conditions, weather, fishing restrictions, etc. In this
work, the selected ship is designed for an operation of Fn 0.35. Lower velocities will be
used in port and other fishing activities or even when that speed is unreachable due to
weather conditions. The results presented in Figures 8 and 9 show the typical behavior of
these kinds of hull ships. For Fn < 0.3, the major component of the resistance is the viscous
resistance growing CT linearly. This speed is the critical speed, since for higher velocities,
the CT increases in a exponential way. The main reason for this behavior is that at low
speeds, the wave resistance has almost no influence on the total resistance, while becoming
predominant at higher speeds.

Once the CFD has been validated, its use makes it possible to obtain data that are diffi-
cult or very complicated to measure experimentally, for instance, the pressure distribution
around the hull. In Figure 10, the dimensionless pressure CP around the hull for the BBM
case is shown. This dimensionless parameter is defined as follows:

CP =
p − p∞
1
2 ρ∞V2

∞
(6)

where p − p∞ is the dynamic pressure.
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Figure 10. Cp distribution for Fn = 0.26, Fn = 0.37, and Fn = 0.45, T = LC Heavy.

When studying wave generation, it is essential to consider the distribution of pressure
over the hull. The pressure distribution over the hull indicates the size and shape of the waves.
In addition, this pressure distribution may provide insight into the distribution of forces around
the hull, highlighting areas that are more susceptible to higher forces. In Figures 10–12, different
pressure zones are presented for the three cases of study. It is noticeable that these contours are
presented for different Fn numbers and load conditions. The pressure distribution and wave
formation change with the Fn number, as shown in Figure 10 for the bulbous bow case where
the wake formation is bigger for higher Fn numbers. Additionally, the maximum pressure
distribution expands to a larger area as Fn increases. Figures 11 and 12 show that hulls without
a bulbous bow have a very similar pressure distribution and wake formation. In contrast, hulls
with a bulbous bow have a more linear wake formation and do not present a hollow in the
shoulders of the ship, as is the case with hulls without a bulbous bow.

Based on these contours, it can be concluded that for optimal efficiency and reduced
drag, a smooth pressure distribution over the hull is necessary. An even pressure distribu-
tion reduces disturbances in the water, resulting in less energy loss due to wave generation
and therefore less resistance. Conversely, an uneven pressure distribution may produce
significant disturbances in the water, resulting in more waves and greater resistance. The
distributions are highly dependent on various factors, and the behavior changes once the
bulbous bow is introduced.
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Figure 11. Cp distribution for the different bulbous bows for Fn = 0.37, T = LC light.

Figure 12. Cont.
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Figure 12. Cp distribution for the different bulbous bows for Fn = 0.37, T = LC heavy.

As fishing vessels operate at a wide range of speeds and loads, i.e., when fishing, leav-
ing port, or returning from the ground with fish, the hull shape and resistance calculation
should be carefully evaluated, as one hull shape may work for one load condition and
speed range but not for the rest. In this situation, it must be the ship owner who decides
the optimum range of operation.

4.2. Bows Designs Analysis

After evaluating the ship model resistance numerically and experimentally for the
case with a bulbous bow, the model is redesigned removing the bulbous bow. Two different
configurations for this kind of vessel will be implemented and evaluated. Those cases
will bring more details about the hydrodynamic behavior, providing valuable information
for this kind of ship with limited research. The evaluation between the two new designs
without bulbous bows and the original one with bulbous bows will be performed only
numerically, keeping the same mesh, range of velocities, and load conditions. In order to
better appreciate the results and the differences between hulls, the resistance will be split
in two, for moderate speeds, Fn < 0.3 in Figure 13, and for higher speeds, Fn > 0.3 in
Figure 14.

In Figure 13 and for Fn < 0.3, we can appreciate that there is not a clear tendency or
any hull that works better for the three loads conditions at this range of speed. For LC light,
the hull BBM produces less drag until Fn 0.15. From this speed, there is a linear growth of
resistance, and it is the worst hull in terms of resistance for Fn between 0.2 and 0.25. For
this LC, the hull SBM always offers less resistance than the IBM hull. Indeed, it is the most
efficient hull for the range of speed 0.2–0.25. The IBM model seems to be the less efficient
hull for all the range of speed.

When LC medium is evaluated, in Figure 13, we can appreciate that the hull BBM is
less efficient for velocities lower than Fn < 0.25. On the contrary, and in comparison with
the LC light, the IBM hull is the most efficient. However, this hull seems to be efficient
for a speed lower than Fn < 0.25, since from this velocity onwards, the resistance grows
exponentially and it becomes larger than the BBM case.

For the LC heavy, there is not a clear tendency that allows one to determine which
hull is better. Only when the speed is higher than 0.25, the BBM becomes a more efficient
hull. For the different load conditions and hull shapes, we can appreciate that Fn 0.25 is a
critical value where the ship resistance curve behavior changes.

In Figure 14, we analyze the resistance produced by the three hulls for higher speeds.
In this range of speeds, the wave resistance is the most relevant part of the total resistance.
For the three load conditions, we can appreciate an exponential growth in the total resistance
for all of the hulls. For the three load conditions, the hull BBM performs better for the whole
range of speed. The IBM and the SBM have almost identical drag for the load conditions of
medium and heavy. For the LC light, the SBM hull has less drag than the IBM for Froude
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numbers lower than 0.4, demonstrating almost the same for higher speeds. It is remarkable
that for Fn > 0.35, the increment of resistance makes the bulbous bow the best.

Figure 13. CT vs. Fn comparison for the three hulls and for Fn < 0.3.

Based on the previous results, it is clear that the ship owner must decide the ship
shape based on the speed and load condition that is more frequently used. However, the
ship with a bulbous bow seems to be the best option at least for calm water. From the
numerical results, we can also obtain a force decomposition, in viscous and pressure force,
that will indicate the dominance of one or other forces for each velocity. This will help in
the design process because it will clearly identify the area for shape optimization.

For instance, Figure 15 presents the total force decomposed in viscous (FV) and
pressure (FP) force for LC light and the original BBM ship model. From this graph, we
can appreciate that the viscous resistance grows linear, dominating for Fn < 0.25. On the
other side, pressure resistance grows linear until Fn = 0.25. From this point, the pressure
resistance becomes dominant, and it grows almost exponentially. It is clear then that for
this ship, the critical point, as mentioned before, is Fn = 0.25. From this point onwards, the
pressure resistance that is related to wave making plays a significant role.

Figure 16 presents the viscous force for the three hulls and the three load conditions.
From these results, we can conclude that the viscous forces grow linear for all the cases.
The BBM model is expected to have a higher viscous resistance due to its larger wetted
surface area. This effect may be slightly noticeable for Fn values greater than 0.25. For
lower Fn values, the forces are too small to draw any conclusions.
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Figure 14. CT vs. Fn comparison for the three hulls and for Fn > 0.3.

Figure 15. Pressure (FP) and viscous (FV) force for LC light and BBM.

Figure 17 presents the pressure forces for the three load conditions and ship hulls. The
behavior of this force is similar for the different conditions. There is a linear growth until
Fn = 0.25. Before this point, the pressure resistance was relatively low in comparison with
the produced for higher Fn numbers. From Fn = 0.25 onwards, the growth in pressure
resistance is almost exponential, becoming part of the resistance and the dominant one
when compared with Figure 16. Besides, we can appreciate that the difference in total
resistance between hulls is mainly due to the pressure resistance.
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Figure 16. Viscous force comparison for the three hulls.

Figure 17. Pressure force comparison for the three hulls.
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5. Conclusions

The conducted research tries to give more details about the hydrodynamic influence
of three different bow configurations in fishing vessels. These configurations are the typical
ones that can be found in this type of vessel. The presented studies were conducted at the
model scale, either experimentally or numerically. The main conclusions are as follows:

• There is a critical point at Fn = 0.25 from where the resistance grows exponentially
due to the high influence of the pressure resistance that is linked with wave resistance.

• For low velocities, the hulls with no bulbous bow in general show good efficiency
until Fn 0.25, from where the hulls do not seem to have the correct shape.

• For the different load conditions and speeds after Fn = 0.25, the case of BBM shows
higher efficiency. It is clear then that the bulbous bow works better, reducing pres-
sure resistance.

• The viscous resistance grows linearly for all the cases. This resistance becomes more
significant in the total resistance for Fn < 0.25, although the BBM does not seem to
change the total amount of viscous force that much.

• The pressure resistance is predominant from Fn 0.25 onwards. This resistance is the
main source of resistance, which means ship designers should focus on reducing this
component of resistance.

• The pressure distribution around the hull demonstrates how it changes with the Fn
number, revealing a larger hollow wake as Fn increases.

• The pressure distribution is practically the same for the two cases without a bulbous
bow. When compared with a bulbous bow hull, it is noticeable that the hollows in
the ship’s shoulders are less pronounced, sometimes resulting in a nearly linear wake
generation around the hull.

Finally, this research brings new information that is the first step to fully understanding
the hydrodynamics of these kinds of ships and their design. Future research should focus
on sailing in waves, which will guide us to decide if the conclusions for calm water are also
supported in waves.
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Nomenclature

List of variables:
L Ship total length (m)
LWL Ship waterline length (m)
B Ship beam (m)
T Ship draught (m)
∇ Volumetric displacement of ship (m3)
S Wetted surface area (m2)
CB Block coefficient
λ Scale
CM Midship section coefficient
Fn Froude number (Fn = V

√
gLWL)
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g gravitational constant (m/s2)
F Total drag resistance (N)
FV Viscous resistance (N)
FP Pressure resistance (N)
ρ∞ Water density
CP Pressure coefficient
CT Drag force coefficient coefficient
WH Wave height (m)
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Abstract: A novel float-type device for wave energy power generation, designed specifically for
offshore wave environments, is introduced as an innovative technology in wave energy utilization.
Herein, we present the design concept, structural composition, and energy conversion process of the
device, and conduct mathematical modeling and theoretical research on its kinematic and dynamic
characteristics. At the same time, we use a numerical wave pool based on the STAR-CCM+ boundary
wave making method and damping dissipation method to analyze the motion response and output
power of the wave energy generator in a five-order Stokes wave environment within one wave cycle
and the entire operating cycle. Finally, in order to develop the best design strategy, we study the
effect of changing the structural parameters of the power generation device on the hydrodynamic
performance of the device.

Keywords: wave power generation; oscillating float; computational fluid dynamics; hydrodynamic
performance

1. Introduction

The growth of the global economy and the excessive usage of fossil fuels have severely
harmed and contaminated our ecosystem. Traditional energy sources are also becoming
harder to obtain at the same time. As a result of this tendency, people are looking into new
clean energy solutions to displace fossil fuels and numerous nations are gradually turning
their focus to the large sector of ocean energy. Since waves have a tremendous amount of
energy compared with wind and solar energy, developing and using wave energy offers
several benefits, making coastal nations the center of interest for this technology today [1–3].

The design and analysis of hydrodynamic performance for wave energy power pro-
duction devices represent a crucial field of study within marine renewable energy. Var-
ious types of power generation devices have been developed in this process. Due to
its adaptable placement in the marine environment, oscillating float-type wave power
generators [4] are one of the hotspots in the field of wave energy utilization and have high
power generation efficiency.

Stephen Salter [5] created Salter’s duck as a wave energy device. During the energy
crisis, he was the first person to use the idea of oscillating floats to harness wave energy. This
iconic tool is a springboard for further research on wave energy fields. In 2003, Korde [6]
used a linked wave energy generation system with regular waves to numerically calculate
the system’s capture width ratio. In 2005, Eriksson et al. [7] performed some comparisons
of the motion problem of a cylindrical float-type wave energy generator in regular and
irregular waves, and they replaced the Power Take Off (PTO) mechanism in a wave energy
power generator with linear springs and linear dampers. Babarit et al. [8] addressed the
issue of energy capture efficiency in 2006 and offered two control approaches for the PTO
system. The proposed method can adjust the device’s energy capture efficiency in real
time. In 2010, Griet et al. [9] used the Computational Fluid Dynamics (CFD) approach to
simulate the absorbed power, impact velocity, and corresponding forces of the float under
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varied slamming loads. They discovered that, although it is also related to power loss, the
risk of the float destabilizing is highly dependent on the draught depth of the float and
the ocean environment. However, the likelihood of the risk occurring can be significantly
decreased by adjusting the relevant control parameters of the device. The hydrodynamic
performance of a pendulous float in shallow nearshore water compared with a float in
an offshore surge was examined by Negri et al. in 2018 [10]. They discovered that the
efficiency of a wave energy system’s power generation dramatically rises with increasing
sea depth. Eliseo Marchesi [11] devised a plan for a two–float PTO system in 2020, and
while PTO damping in irregular waves was evaluated, the numerical simulation findings
and testing results were in accord. The same year, Christophe Vogel [12] researched the
effects of wave attenuation on the hydrodynamic performance of an asymmetric float wave
energy generator and a hybrid energy collection system.

It is crucial to acknowledge that the energy industry is highly intricate and encom-
passes the administration of various interrelated elements. As an illustration, apart from
the aim of generating energy, it is essential to account for the endurance of the machinery,
which needs to withstand the challenging oceanic setting. While studies have advanced
and yielded outcomes, it remains conceivable to aspire for greater achievements [13]. To
meet our energy requirements and diminish our reliance on non-renewable resources, our
community is increasingly integrating more eco-friendly energy approaches. The utiliza-
tion of the abundant ocean energy requires the creation of innovative technologies that
will lower global CO2 emissions from the burning of fossil fuels and turn ocean waves and
tidal energy into a sustainable and economical energy source [14].

Numerical studies, simulation analyses, and experimental testing are common an-
alytical approaches for oscillating float-type wave energy devices. Many scholars have
conducted research in this field with the goal of improving the stability and reliability of
the devices for power generation [15]. Based on the existing oscillating float wave power
generation device, this paper intends to further simplify the structure and energy conver-
sion process, with the design of a new wave power generation device. We use theoretical
analysis and numerical simulation to study the hydrodynamic performance of the device
and the captured energy characteristics. The final analysis conclusion drawn from the
above aims to provide a certain technical basis and reference for future research.

2. Mechanical Theory

Accurately and scientifically predicting the energy conversion performance of power
generation equipment is paramount in the realm of wave energy generation technology
utilization. The mechanical behavior of these devices in the ocean is closely related to the
efficiency of their energy conversion and structural reliability. As a result, the development
and application of mechanical formulas will provide a critical theoretical foundation for
the design of diverse wave energy devices.

2.1. Basic Control Equations

Fluid motion should adhere to the physical laws, such as the law of mass conservation,
the law of momentum conservation, and the law of energy conservation. The law of conser-
vation of energy is not taken into account when analyzing the hydrodynamic performance
of a new oscillating float wave energy generator in an incompressible viscous fluid, and
only the conservation law is expressed by using the equations for mass and momentum
conservation [16].

Equation (1) is used in both steady flow and unsteady flow for incompressible fluids:

∂u
∂x

+
∂v
∂y

= 0. (1)
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The Navier–Stokes equations for incompressible fluids can be reduced using the
continuity Equation (2):

∂(ρ·u)
∂t +

∂(ρ·u2)
∂x + ∂(ρ·u·v)

∂y + ∂(ρ·u·w)
∂z

= Fx − ∂p
∂x + ∂

∂x

(
2μ ∂u

∂x

)
+ ∂

∂y

[
μ
(

∂v
∂x + ∂u

∂y

)]
+ ∂

∂z

[
μ
(

∂u
∂z + ∂w

∂x

)]
.

(2)

The following condensed version is produced when the coefficient of viscosity is
assumed to be uniform:

ρ

[
∂u
∂t

+ u
∂u
∂x

+ v
∂u
∂y

+ w
∂u
∂z

]
= Fx −

∂p
∂x

+ μ

[
∂2u
∂x2 +

∂2u
∂y2 +

∂2u
∂z2

]
. (3)

2.2. Turbulence Model

In nature, turbulence dominates most flows, its flow field is extremely stochastic and
pulsing, and its instantaneous flow satisfies the N–S equation. The k–equation model, the
most widely employed two-equation model up to this point, was proposed by Launder
and Spalding in 1974. The turbulence model is characterized by the following characteristic
scales, which are based on Taylor’s hypotheses regarding the length of the turbulence:

lT ∼ k3/2/ε. (4)

In the equation, k is the kinetic energy of turbulence, and ε is the dissipation rate of
kinetic energy.

Similar to this, turbulent kinetic energy controls the typical velocity. As a result, the
fundamental premise of the two-equation model is established, namely that the vortex
viscosity coefficient can be written as follows:

νT = Cμk2/ε. (5)

Cμ is the coefficient.
The transport equation is more complicated than the k–equation, with many un-

known second- and third-order moments and many terms that must be simulated using
experiments and magnitude analysis.

The typical form of the k–equation is as follows:

Dε
Dt =

1
ρ

∂
∂xk

(
μt
σe

∂ε
∂xk

)
+ C1μt

ρ
ε
k

(
∂Ul
∂xk

+ ∂Uk
∂xl

)
∂Ul
∂xk

− C1
ε2

k ,
Dk
Dt = 1

ρ
∂

∂xk

(
μt
σk

∂k
∂xk

)
+ μt

ρ

(
∂Ul
∂xk

+ ∂Uk
∂xl

)
∂Ul
∂xk

− ε.
(6)

Launder and Spalding provide the values of each individual constant:

Cμ = 0.09, Cε1 = 1.44, Cε2 = 1.92, σe = 1.0, σε = 1.3.

2.3. Wave Theory

There are many different types of waves in the water, and the dynamic equilibrium
between inertial force, gravity, and surface tension defines their physical character. This
paper adopts the fifth-order Stokes wave in the numerical pool wave generation because
the wave height of a Stokes wave cannot be defined as infinitely small relative to the
wavelength, this model can accurately respond to the nonlinear characteristics of shallow
water waves, and it is a widely used wave theory in marine engineering calculations.

The potential wave velocity function of Stokes’ fifth-order is as follows:

Φ =
c
k

5

∑
n=1

λn cosh nk(z + d) sin n(kx − ωt). (7)
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The wavefront equation is

η =
1
k

5

∑
n=1

λn cos n(kx − ωt). (8)

The wave speed is
kc2 = C2

0(1 + λ2C1 + λ4C2). (9)

The water quality point velocity and acceleration are

ux = ∂φ
∂x = c

5
∑

n=1
nλn cosh nk(z + d) cos n(kx − ωt),

uz = ∂φ
∂z = c

5
∑

n=1
nλnsinhnk(z + d) sin n(kx − ωt),

(10)

ax = ∂ux
∂t = ωc

5
∑

n=1
n2λn cosh nk(z + d) sin n(kx − ωt),

az = ∂uz
∂t = −ωc

5
∑

n=1
n2λnsinhnk(z + d) cos n(kx − ωt).

(11)

Once the wave height, period, and water depth are known, it is possible to ascer-
tain the coefficients and wavelengths of the fifth order wave of Stokes by utilizing the
dispersion relation.

3. Design and Energy Conversion Mechanism

3.1. China’s Offshore Wave Environment

In addition to adhering to the fundamental similarity requirement, the design of the
wave energy generator model’s parameters should take into account the actual ocean condi-
tions. Figure 1 presents statistical representations of the hydrographic data of the sea region
where the wave energy generator is situated in conjunction with earlier studies conducted
by academics in China. The Luzon Strait and its western waters account for relatively
large values of China’s annual average effective wave height, with an annual average wave
height of more than 1.8 m, according to the cloud diagram of the annual average effective
wave height in China’s offshore waters [17]. We referred to the conventional sea trial model
and selected a certain scale ratio based on the simulation model. In conclusion, waves in
China’s offshore waters tend to be between 0.5 and 3 m tall, with periods between 4 and 8 s.

 
Figure 1. Annual average significant wave height in China’s offshore waters (Unit/m).
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Therefore, it can be inferred that the simulated wave heights of 0.04 m–0.12 m can fulfill
the sea conditions of the real environment [18] when taking into account the probability of
the occurrence of wave steepness in the Chinese offshore waters and the CFD numerical
simulation circumstances. The wave height of the local wave field will increase sharply
and the wavelength will decrease, which poses a significant challenge to the stability and
safety of the wave energy generation device when the waves far from the shore propagate
to the near shore and are influenced by topography, wind, and current.

In order to better match the more usual wave circumstances in China’s actual marine
environment, the wave height in this paper was chosen to be between 0.05 and 0.2 m, and
the waveform used is the fifth-order Stokes wave.

3.2. Design Proposal

Several factors should be addressed while studying and designing wave energy
power production devices, including proper size, the linear damping coefficient, and
high mechanical transmission efficiency. A proper overall size can improve the device’s
application scenario. A suitable linear damping coefficient helps guarantee that wave
energy is captured efficiently. The amount of the damping coefficient influences whether
waves can readily drive the device. Higher mechanical efficiency can improve the device’s
energy transmission efficiency.

Because the complicated energy conversion of classic float wave energy power gen-
erating devices can result in low power generation efficiency, eliminating intermediate
conversion links is critical for boosting device efficiency. Drawing on scientific research, the
primary objective of this study is to streamline the composition and elucidate the process of
energy conversion in the current oscillating float apparatus, ultimately establishing a novel
form of wave energy power generator through oscillating float technology.

Figure 2 displays a three-dimensional depiction of the wave power generator. The
Australian-developed “Poseidon” cylindrical float serves as an example of an oscillating
float wave power generator. Alan Arthur Wells [19,20], the British engineer specializing in
structural engineering, developed the innovative Wells turbine, which operates on low-
pressure head air. A detailed representation of the turbine’s structure can be observed on
the lower left side of Figure 2.

 
Figure 2. New float-type wave energy generator.

In Figure 2, bottom left, a drawing of the Wells turbine is displayed. The Wells blades
are symmetrical airfoils that sustain unidirectional rotation in the reciprocating airflow. It
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consists of a symmetrical rotor with numerous sets of airfoil blades positioned along the
hub with the chord normal to the rotating axis. It is frequently employed in air turbines
for oscillating water column wave energy producers because of its inventive structural
construction. It is also the most cost–effective option for wave energy generators due to its
simple shape. In this study, a novel float-type wave power generator cleverly integrates
the two.

A wave energy producing device must take into account a number of factors, includ-
ing adequate size, linear damping coefficient, and high mechanical transmission efficiency.
According to Figure 3, the design of this device fully incorporates the mechanism of the
conventional cylindrical float and the Wells turbine, which can maintain unidirectional
rotation under the influence of reciprocating airflow. Through the optimization of the
transmission procedure, the device achieves the generation of torque by inducing unidirec-
tional rotation of the blades during the upward and downward motion. This mechanism
effectively propels the generator, resulting in power generation at its output.

 
Figure 3. Design ideas for new float-type wave energy generator.

With an overall height of around 600 mm, the novel float-type wave energy gener-
ator is seen in Figure 4 below in an exploded view. The float is created in the shape of
a hollow and sealed, with a diameter of 200 mm and a height of 120 mm. The overall
weight of the device is about 2.8 kg. The float initially floats on the surface of water be-
fore moving like a pendulum as a result of the power of the waves. The transmission
shaft is attached to the hub and the float through the bearing and the bearing seat, respec-
tively, and the outside edge of the shaft is fitted with a sleeve. It houses a generator and
a transmission mechanism.

A sleeve on the shaft’s exterior acts as a connector and a protective way of securely
connecting the turbofan and the float. The sleeve is fixed with four dampening plates that
are 160 mm high but do not participate in the energy transfer. By increasing the efficiency
of the device’s energy harvesting in the direction of vertical oscillation, the dampening
plates’ presence can effectively minimize the amplitude of the device’s deflection due to
pitch and roll.

The novel device’s design uses a suspension chain line mooring rope to secure the
device’s place in the water. Through a gear transmission mechanism, the entire device
transfers energy. The power generator for the gadget is a permanent magnet brushless
DC generator. The primary element of the energy conversion device and the structural
innovation that sets it apart from other wave energy conversion devices is the turbofan
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section. As a result, the rotating blade is the primary research object in this paper, and its
hydrodynamic properties and operational properties are thoroughly investigated.

 
Figure 4. Exploded view of new float-type wave energy generator.

The rectangular bladed NACA0015 symmetric airfoil [21] is used in the turbofan. The
blade is 100 mm long, the hub is 100 mm in diameter, and the thickness is 30 mm. The
turbofan can successfully rotate unidirectionally in the reciprocating water flow thanks to
the symmetric airfoil design. The specifications of the impeller system, which reacts to the
float system’s action by making a unidirectional rotating motion and driving the generator
through the drive shaft to produce power, are shown in Table 1 below.

Table 1. Main parameters of rotating blades.

Parameters Numerical Value

Number of leaves 5
Chord length/m 0.05
Wheel radius/m 0.05
Flange radius/m 0.05

Wheel thickness/m 0.03

3.3. Characteristics of the Energy Conversion

In a wave energy power generation device, the acquired energy is unidirectionally and
irreversibly transferred and converted. The efficiency of energy conversion can be increased
by reducing energy loss throughout the transfer process with the aid of a reasonable
understanding of the device’s energy conversion law. Through its distinctive structural
design and transmission mechanism, the new float-type wave energy generator realizes the
absorption and conversion of wave energy. Figure 5 depicts the transmission mechanism.

During wave transmission, the float reacts to the wave by oscillating, converting it into
linear motion as mechanical energy. It is subjected to the effect of saltwater in the process
of pendulum motion and makes a unidirectional rotating motion to transfer mechanical
energy because it is rigidly coupled to the turbofan through a sleeve. By means of the drive
train, the final generator facilitates the transformation of rotational mechanical energy into
electrical energy.
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Figure 5. Transmission of the device.

The new wave energy generator, operating as a float-type system, undergoes an energy
conversion process. This process is dependent on the efficiency of three components: the
float’s wave energy capture efficiency ηcap, the turbofan’s hydrodynamic efficiency ηhyd,
and the generator’s power generation efficiency ηgen. The efficiency of the overall wave
energy conversion device η can be mathematically represented as follows:

η = ηcap·ηhyd·ηgen. (12)

The three are strongly influenced by nonlinear factors, and the mechanical and electro-
magnetic relationship is a complex interaction process.

The power input of a vortex fan is typically represented as the kinetic energy of
the fluid that flows through the horizontal cross-section of the blades of the fan within
a given period.

Pinput =
Einput

t
=

1
2 ρ

(
πR2)hV2

A
t

=
1
2

ρπR2V3
A, (13)

At time t, the kinetic energy of a fluid cylinder with height h and radius R traversing
the horizontal section of the blade can be represented by Einput. VA denotes the velocity of
the fluid relative to the rotating blade’s horizontal cross-section.

Output power of turbofan Poutput:

Poutput = Tw = NTsw, (14)

where T is the output torque of the turbofan, w is the rotational speed (rad/s), N is the
number of blades, and Ts is the torque generated by a single blade on the drive shaft.

The brushless DC motor is selected as the generator in the wave energy power genera-
tion device in this article. By definition [22], the generator power P is

P = η·Cl ·
.
x2, (15)

Cl is the linear damping coefficient, and x is the pendulum displacement of the device.
Generator rotational damping coefficient Cr:

Cr =
1.5K2

r
R1 + R2

, (16)

Kr is the torque constant of the generator, R1 is the generator resistance, and R2 is the
external resistance of the circuit.
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Cl can be expressed as

Cl =
1.5K2

r
η(R1 + R2)e2 , (17)

The slope, denoted as e, represents the non-linear correlation between the rotational
velocity and the velocity at which the device droops. The linear coefficient of damping is
associated with the external load and may be regulated to attain the optimal damping ratio
and wave capture ratio, which depend on the wave properties, by adjusting the effective
value of the external load.

The output power Poutput of the new float-type wave energy generator involves more
variables, and its hydrodynamic characteristics are proposed to be investigated by a combi-
nation of theoretical analysis and numerical simulation.

3.4. Kinematic and Dynamic Characterizations

In this paper, the main structural component of energy conversion is the rotating
turbofan, so the theoretical analysis focuses on the rotating turbofan part. The rotating
blades of the power generation device do not have any change in shape along the direction
of the drive shaft and each blade is exactly the same, so the section parallel to the rotating
axis and parallel to the airfoil is taken to analyze the motion and force of individual blades.
The blade motion and force are shown in Figure 6, and its horizontal cross-section is taken
as the reference plane. When seawater impinges on the impeller motion with velocity VA,
it causes a current angle a, which generates a lift force FL perpendicular to the current
direction and a drag force FD parallel to the current direction.

 

Figure 6. Velocity and force schematic of rotating blade.

As shown in Figure 6, VT is the circumferential velocity of the fan blades, which is

VT = w · l, (18)

where w is the rotational angular velocity of the blade and l is its radial diameter.
Then the combined velocity VR of the blades relative to the incoming flow is

VR = VA − VT . (19)

Since VA and VT are perpendicular to each other, the mode |VR| of VR can be computed
in this respect:

|VR| =
√
|VA|2 + w2l2. (20)

The water flow angle a is

a = arctan
VA
w · l

. (21)
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The blade lift FL and drag FD are

FL =
1
2

ρAV2
RCL, (22)

FD =
1
2

ρAV2
RCD, (23)

where ρ is the fluid density, A is the characteristic area of the blade, CL is the lift coefficient,
and CD is the drag coefficient.

The above forces can be decomposed into an axial force Fx and a tangential force Fθ :

Fx = FL cos α + FD sin α, (24)

Fθ = FL sin α − FD cos α. (25)

From the above analysis, it can also be found that for a given value of a, the direction
of the tangential force Fθ is independent of the positive or negative value of a. Regardless
of the direction of the water flow, the fan blades rotate in one direction.

4. CFD Simulation Analysis of a New Float-Type Wave Energy Device

4.1. Setup of CFD Simulation

In this chapter, a physical model must be chosen in order to calculate the STAR–CCM+.
The main goal of the hydrodynamic simulation is to ascertain the dynamic reaction of
the novel float-type wave energy generator under various wave circumstances. Table 2
displays the different parameter values used to simulate this paper.

Table 2. Setting of simulation parameters.

Combined Parameters Physical Models

Space Three-dimensional
Time Implicit invariant (math.)

Eulerian multiphase flow model Volume of fluid domain
Turbulence model k − ε

Other models Gravity, VOF waves

The Stokes fifth order waves are used using the boundary condition wave-making
approach in this paper. The border satisfies the waves:

Velocity in x direction:

ux = c
5

∑
n=1

nλncosh[nk(z + d)]× cos[n(kx − ωt)]. (26)

Velocity in z direction:

uz = c
5

∑
n=1

nλnsinh[nk(z + d)]× sin[n(kx − ωt)]. (27)

The instantaneous rise of the wavefront is

η =
1
k

5

∑
n=1

λncos[n(kx − ωt)], (28)

where ω, d, and k are the circular frequency, water depth, and wave number, respectively.
Setting up a wave height meter, as seen in Figure 7, allows for monitoring the time

course of the wavefront change on the free surface. It is clear that the waves simulated in this
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research are essentially consistent with the theoretical values of the fifth-order Stokes waves,
laying the groundwork for an accurate numerical simulation of the subsequent device.

Figure 7. Time history curve of wave height.

To avoid the modification of waveforms and computations in the calculation area
caused by wave reflection, the creation of a wave dissipation zone in the outflow region is
necessary. This study establishes a length as a damped wave cancellation zone at the pool’s
outlet end using the damped wave cancellation method [23].

4.2. Computational Domain and Meshing

This article sets up the calculation domain for the fluid simulation computation when
the wave period T = 1.5 s, in accordance with the guidelines of the International Towing
Tank Conference (ITTC). The distance from the starting point to the boundary where the
substance enters is 1λ, while the distance from the starting point to the boundary where
the substance leaves is 2λ. The entire extent of the space is 3λ. The depth of the liquid is
determined as 1 m, whereas it surpasses the water’s surface by 1.08 m. The computational
space possesses a width of 2.56 m and a height of 2.08 m. Around 1 million computational
grids are secured within the water’s surface, background, and the overlapping region of
motion [24]. Figure 8 depicts the computational domain case configuration.

Figure 8. Computational domain setup and meshing.

Overlapping grids are more frequently employed in the CFD simulation of the cou-
pling effect between waves and wave energy producers. The wavefront encrypted area
is set up in the backdrop area, and the grid division of the wavefront encrypted area is
built up in accordance with the wave parameters’ wavelength and wave height H. This
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increases computation accuracy and wavefront stability. Figure 9 depicts the situation after
encryption. Additionally, the encrypted area is built close to the revolving blade in order to
better collect the device’s motion state information. The primary encryption approach is to
establish surface control and volume control.

 
Figure 9. Encryption of meshes.

4.3. Analysis of Device Simulations during One Wave Cycle

The simulation analyzes the movement of the device in the wave with the wave height
H = 0.1 m and the period T = 1.5 s in one cycle, and the dynamic simulation interface
based on STAR–CCM+ is shown in Figure 10 in order to intuitively understand the law of
movement of the power generation device in the wave.

These figures depict the device’s status during one operation cycle. Within a cycle,
the device goes from the horizontal plane to the peak, then to the trough, then back to the
horizontal plane. Because the device’s motion is periodic, analyzing the device’s motion
within one cycle is significant.

The device’s overall pendulum motion speed is determined, among other things, by
how the floats react to the waves, the inertial forces of the vortex fan, and the fluid resistance.
It is clear from Figures 10–12 that the object is moving pendantly. In Figure 10a, orientation
is shown as horizontal with minimal vertical displacement. The device is seen moving
upwards along the wave surface, reaching its maximum velocity in the positive direction
of the Z, measuring 0.151 m/s. Moving on to Figure 10b, the illustration demonstrates the
device’s upward motion along the wave face, ascending towards the peak of the wave.
At this point, the vertical velocity of the pendant oscillation is close to zero at 0.021 m/s,
and the greatest displacement is at 0.042 m. The floating body descends down the wave
face to the horizontal plane, as shown in Figure 10c, at which point the vertical velocity
is close to zero at 0.021 m/s and the displacement of the pendent oscillation achieves its
maximum value of 0.042 m. The floating body goes upward along the wave face to meet
the wave, as shown in Figure 10c. The device’s highest vertical velocity, or 0.146 m/s, is
along the Z-axis’s negative direction. The floating body has a vertical displacement of
0.042 m. Figure 10e depicts the device making a climbing motion along the wave surface
and re–entering at the position of the time plane. Figure 10d depicts the device reaching
the trough of the wave, where the vertical displacement of the device in the opposite
direction of the extended Z reaches a maximum. The motion of the power generating unit
throughout one cycle was described by the comprehensive simulation of Figures 10–12.
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 10. T = 1.5 s, H = 0.1 m diagram of the motion of the power generator in one λ. (a) t = 52.74 s;
(b) t = 53.12 s; (c) t = 53.48 s; (d) t = 53.86 s; (e) t = 54.24 s.

 
Figure 11. Time history curve of device droop velocity.
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Figure 12. Time history curve of device droop displacement.

The results of the numerical simulation are accurately visualized in Figures 11 and 12
by the use of scatter plots, with a time interval of 0.02 s between each node. Further
investigation reveals that the device’s movement velocity is decreasing and the velocity
decreases more quickly at the point when the device is moving from the horizontal direction
towards the crest of the wave, or when the device is moving from 52.74 s to 53.12 s. The
device’s pendulum velocity in the opposite direction increases slowly and then decreases
quickly as it transitions from the peak to the trough, or from 53.12 to 53.86 s. The device’s
motion velocity in the pendent direction gradually increases as it goes from the wave valley
to the horizontal plane, or from 53.86 to 54.24 s, and achieves its maximum at the wave
peak. The gadget is subject to both the action of the wave and the action of its own gravity,
which results in a certain regularity in the change in speed of motion.

The dynamic pressure cloud of the blades is illustrated in Figure 13. The leading
edge of the blade exhibits the highest concentration of pressure, with a maximum pressure
difference of 446.18 Pa [25]. The pressure side of the blade is predominantly controlled
by positive pressure, while the suction side goes through negative pressure. The output
torque of the turbofan is mainly determined by the pressure disparity found at the blade’s
leading edge [26,27]. Additionally, this analysis acts as an extensive point of reference for
a subsequent examination of the device’s hydrodynamic efficiency throughout a complete
operational cycle.

Figure 13. Turbofan dynamic pressure cloud diagram at T = 1.5 s.

A perfect balance between the rotational speed and rotational torque can maximize
the power output of the device. The rotational speed of the blades is a significant factor
determining the output power and operating parameters of the device. The rotating angular
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velocity of the blades exhibits regularity, as shown in Figure 14. The turbofan continues
to revolve due to inertia at 53.12 s, when the float is at the wave crest position, and at this
moment the angular velocity is the least, at roughly 3.419 rad/s.

 

Figure 14. Time history curve of fan blade rotation angular velocity.

The float reaches the wave valley at roughly 53.86 s, and the rotational angular velocity
is likewise rapid, at about 3.597 rad/s. The float’s angular velocity decreases as it moves
from the wave valley to the wave crest, but it considerably increases when it moves from
the wave crest to the wave valley position. The angular velocity considerably increases
through position.

The turbofan’s cycle of instantaneous output power variations is depicted in Figure 15
and is governed by the blade torque and rotational angular velocity. The greatest output
power is around 0.05 W during the blade’s transition from the crest to the horizontal plane.

 
Figure 15. Output power.

The transfer function of the device’s motion may be intuitively determined by ana-
lyzing how it operates and collects energy in one cycle. Additionally, this analysis acts as
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an extensive point of reference for a subsequent examination of the device’s hydrodynamic
efficiency throughout a complete operational cycle.

4.4. Numerical Study of the Effect of Hydrodynamic Performance of Power Generating Units over
the Full Operating Cycle

The new float-type wave energy power generating gadget creates periodic motions
in the water, and the law may be thought of as the superposition of innumerable periodic
motions when the simulation results tend to converge. This part examines the device’s
force, motion, and power production after it has been operating steadily. Additionally,
this portion offers an analytical framework for later optimization of the device’s structural
properties.

Figures 16 and 17 indicate that after the device has been operating steadily, the pendant
velocity and displacement both exhibit periodic fluctuations, with the maximum pendant
velocity being around 0.15 m/s. The maximum displacement amplitude of the device,
measured in reference to the horizontal plane, is roughly 0.04 m. The device is subjected to
buoyancy and gravity during movement, and the unidirectional rotation of the blades can
cause disturbance to the water flow, resulting in uneven displacement of the device.

 

Figure 16. Time–calendar curve of pendulum velocity for full-cycle operation of the device.

 
Figure 17. Time–history curves of pendulum displacements for full-cycle operation of the device.
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Figure 18 shows that the device’s response to the wave moment is periodic, with
a larger, approximately 0.015 Nm, blade moment in the valley of the fan blade subjected
to reverse rotation and a 0 Nm blade moment in the peak moment. However, due to the
turbofan’s inertia, the blades continue to rotate even in the case where the blade moment is
0 Nm.

 

Figure 18. Time–calendar curve of fan blade torque variation for full-cycle operation of the device.

According to Figure 19, the device’s rotational angular velocity increases sporadi-
cally over time. After 55 s, the blades’ rotational angular velocity tends to stabilize at
about 3.613 rad/s, which also suggests that at this point the device’s motion has reached
a converged state.

 
Figure 19. Time–calendar curve of rotational angular velocity variation for full-cycle operation of
the device.

The device’s output power is influenced by the blade’s rotating torque, rotational
speed, and transmission efficiency. The output power of the device similarly enters
a constant state of change after 55 s and the maximum instantaneous output power is
around 0.053 W (as shown in Figure 20).
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Figure 20. Time–calendar curve of output power change for full-cycle operation of the device.

This part expands from a local analysis to a stable convergence study, concentrating
on the hydrodynamic and energy outputs of the device in a single cycle as well as in a
whole cycle with a blade number of five. Because changes to the device’s structural pa-
rameters have no effect on the device’s overall general functioning in a wave environment,
the research in this part also acts as a comparative reference for the optimization of the
structural parameters in the following section.

4.5. Numerical Study of the Effect of Structural Parameters on the Hydrodynamic Performance of
Power Generation Units

One of the crucial factors in the structural design of a rotating turbofan is the number
of its blades; too many or too few moving elements on the impeller will influence the
device’s dependability and performance qualities. This section analyzes the bottom rotating
turbofan force and motion response in waves using four different devices with three, four,
five, and six blades. Table 3 displays the chosen operating conditions.

Table 3. Main parameters for different number of blades.

Working Condition Number of Leaves Period T(s) Wave Height (m)

A1 3 1.5 0.1
A2 4 1.5 0.1
A3 5 1.5 0.1
A4 6 1.5 0.1

The analysis of the device’s motion in the wave primarily utilizes major factors in-
cluding the velocity of motion along the direction of the overall pendulum oscillation,
displacement, moment exerted by the blade, rotational speed of the vortex fan, dynamic
pressure, and power generated as output [28]. The device’s oscillatory displacement and
velocity exhibit periodic changes, as shown in Figures 21 and 22. The number of blades has
less of an impact on the pendulum displacement and pendulum velocity of the device.

The time–domain curve of the moment of the turbofan blades is depicted in Figure 23.
The rotational moment is significantly impacted by the periodic fluctuations in the blade
moment caused by the action of the waves. When there are six blades, the rotational torque
is greatest when compared with other circumstances. The greatest moment amplitude is
around 0.012 Nm, whereas the smallest moment amplitude is about 0.008 Nm. With an
increase in blade count, the spinning moment of the blades increases.
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Figure 21. Encrypt vertical displacement.

 

Figure 22. Vertical velocity.

 
Figure 23. Time history curve of fan blade torque.
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The time–calendar curve of the turbofan’s angular velocity is depicted in Figure 24. As
seen in the image, the turbofan’s rotating angular velocity steadily rises with the number
of blades and, over time, tends to stabilize for all of them. The convergence of the turbofan
rotational speed is very similar when there are five and six blades. The rotational speed of
a turbofan with five blades is approximately 3.613 rad/s and a turbofan with six blades is
approximately 3.707 rad/s, which is somewhat higher than the constant rotational speed
of these two devices. The turbofan speed converges steadily to 2.11 rad/s, the minimum
speed, when there are three blades. As can be seen, the turbofan speed increases steadily as
the number of blades grows and will eventually converge to a steady value.

 

Figure 24. Time history curve of blade rotation speed.

The comparative analysis of Figures 13 and 25 unveils the similarities in the cloud
diagrams illustrating the dynamic pressure of the four distinct device types. It becomes
evident that the distribution pattern of blade pressure exhibits resemblances. Specifically,
the leading edge predominantly houses the high-pressure region, while the differential
pressure on the blade surface gradually diminishes along the chord length, eventually
approaching zero near the trailing edge section [29].

When there are three blades, the maximum differential pressure of the blade is
139.556 Pa; when there are four blades, the maximum differential pressure is 338.257 Pa;
and when there are six blades, the highest differential pressure is 424.52 Pa.

With an increase in the number of blades, the differential pressure at the leading edge
of the blade surface gradually rises. In other words, a sufficient increase in the number of
blades can increase the pressure differential between the two sides of the leading edge of
the blades, increase the size of the high-pressure differential zone, and consequently enable
the turbofan to produce a greater rotating torque. This study also found that increasing
the velocity relative to the blade’s leading edge can enhance the pressure disparity on both
sides. This expansion of the high-pressure difference region leads to a greater rotational
torque within the absorber. The blade pressure is negative, and the blade can spin in one
direction as long as the pressure differential on both sides of the blade is bigger than the
back chord.

Figure 26 displays a graph of the device’s instantaneous output power. It is evident
that, after some time in the same wave environment, the output power of the power pro-
duction equipment tends towards a stable amplitude of change. The turbofan’s highest
instantaneous output power is 0.059 W when it has six blades, while its lowest instanta-
neous output power is approximately 0.012 W when it has three blades. It was discovered
that the instantaneous output power rises with the number of blades when the other three
conditions are combined.
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(a) 

(b) 

(c) 

Figure 25. Cont.
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(d) 

(e) 

(f) 

Figure 25. Turbofan dynamic pressure clouds for devices with different blade numbers. (a) Pressure
side of turbofan with three-bladed unit; (b) Suction side of turbofan with three-bladed unit;
(c) Pressure side of turbofan with four-bladed unit; (d) Suction side of turbofan with four-bladed unit;
(e) Pressure side of turbofan with six-bladed unit; (f) Suction side of turbofan with six-bladed unit.
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Figure 26. Output power of units with different blades.

Table 4 summarizes the findings of the calculations made by adding up all the calcu-
lated working conditions:

Table 4. Comparison of calculation results.

Working
Condition

Amplitude of
Pendulum

Displacement (m)

Amplitude
of Pendulum
Speed (m/s)

Amplitude of
Rotational

Torque (N·m)

Rotational Speed
(rad/s)

Power
(W)

A1 0.372 0.158 0.004 2.352 0.012
A2 0.381 0.157 0.009 2.831 0.023
A3 0.407 0.161 0.014 3.613 0.053
A4 0.411 0.159 0.015 3.707 0.059

As shown in Table 4, when there are five blades, the device’s pendulum oscillation
speed is higher, averaging 0.161 milliseconds, and the instantaneous output power is
comparatively high at this time, second only to the six-bladed device. The number of
blades has less of an impact on the generator’s overall pitching displacement and pitching
speed [30].

As the number of blades increases, the turbofan’s rotational speed gradually rises, as
does the rotational torque, which is caused by an increase in the ratio of the high-pressure
differential area to the area of a single blade. In terms of rotation speed, as the number of
blades grows, the device’s power and rotation speed steadily increase. We also referred to
the option of floating fans for the setting of the five blades for the five and six blades. At
the moment, cost is a major impediment to the development of innovative energy gadgets.
On the one hand, we examined the structure’s rotating speed and output power. Based on
this, we believe that fewer blades are preferable. In other ways, it is to cut costs. As a result,
the device’s overall torque rises, as does the power output, and the five-bladed turbofan’s
overall performance is better from the standpoint of efficiency.

5. Conclusions

This paper presents a novel float-type wave energy power generation device specifi-
cally designed for the offshore wave environment in Asia. The objective of this study is to
develop a wave energy power generation device that incorporates a simple transmission
method, allows for flexible layout, and achieves high conversion efficiency. The study
begins by analyzing the operational behavior of the device within a single cycle under
optimal wave conditions (simulation period: 1.5 s, wave height: 0.1 m). Subsequently, the
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hydrodynamic performance of the crucial impeller system is examined, with a particular
focus on the impact of varying blade numbers on device performance, in order to identify
the optimal design solution. The following specific conclusions are drawn:

1. We constructed a numerical wave pool using STAR-CCM+ and applied overlapping
grid technology to simulate the movement and power generation efficiency of a new
float-type wave energy power generation device under Stokes fifth-order waves. Our
findings indicate that this numerical method accurately captures changes in complex
flow fields, and the simulated waves closely match the theoretical waves. Hence, it
can serve as a reliable tool for numerical simulation of this device.

2. In operation following the stability of the law, the new type of float wave power
generating device in saltwater to perform the cycle movement may be viewed as the
superposition of the movement of countless cycles. The device’s speed drops as it
moves from the horizontal to the crest of the movement of the moment, and the speed
declines ever faster, according to the examination of the device’s movement in a cycle.
The pendulum velocity of the device increases slowly and then lowers quickly as it
transitions from the crest to the trough. The device’s motion speed in the vertical
direction gradually increases until it reaches its maximum speed at the wave peak as
it passes from the wave valley to the horizontal plane. The torque and speed of the
rotating blades have a significant impact on the device’s output power.

3. According to the structural design and optimization of the device, it was found that
the overall movement of the device is less affected by changes in the number of blades,
and regardless of the changes in the number of blades, the vertical displacement and
velocity of the device exhibit periodic changes. Under the influence of waves, the
moment of the blades varies on a regular basis, and the moment of the blades rises as
the number of blades grows. A suitable increase in the number of blades can cause
the turbofan to create a greater rotating moment because the pressure differential at
the leading edge of the blade surface steadily increases with the number of blades.
The output power of the device increases with the number of blades, and the five
blades turbofan performs better overall in terms of equipment cost, operation, and
power generation efficiency.
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Abstract: The accurate generation of a target sea state in numerical or experimental wave tanks is a
fundamental line of research for the ocean engineering community. It guarantees the quality and
relevance of wave–structure interaction tests. This study presents a reproducible irregular wave
generation and qualification procedure, accounting for the nonlinear aspects of wave propagation. It
can be used for both numerical simulation and experiments. The presented numerical and experi-
mental results are obtained from the OpenFOAM solver and the Ecole Centrale Nantes wave tank
facilities, respectively. The procedure comprises two steps: First, the wavemaker motion is calibrated
numerically to generate the target wave spectrum at the position of interest. This is achieved with a
wavemaker-equipped nonlinear potential flow solver. The open-source HOS-NWT solver, based on
the high-order spectral method, was employed in this study. Then, the corrected wavemaker motion
is used directly in the experimental wave tank. OpenFOAM simulations were performed to generate
waves with the relaxation method, using wave elevation and velocity field data from HOS-NWT.
The procedure was finally tested for mild and extreme breaking sea states. The waves generated by
the HOS-NWT solver, the experiment, and the OpenFOAM simulation were compared from both
stochastic and deterministic perspectives.

Keywords: irregular wave; breaking wave; experimental wave tank; numerical wave tank;
high-order spectral; OpenFOAM

1. Introduction

Floating bodies operating in the ocean encounter various environmental conditions
throughout their lifetime, including wind, currents, and waves. The primary load on the
floating bodies is induced by waves in the ocean. Wave–structure interaction (WSI) is a
major concern in the design of ship and marine structures. Many academic and industrial
actors have conducted wave basin experiments or computational fluid dynamics (CFD)
simulations to test WSI performances [1–4]. The waves generated for these tests must
accurately represent specific in situ wave conditions and be easily reproduced in both
an experimental wave tank (EWT) and CFD-based numerical wave tank (CFD-NWT).
Therefore, it is essential for WSI tests to establish a uniform procedure to reproduce
accurately irregular wave fields for both EWTs and NWTs. This procedure should accurately
generate the target sea state at the location of interest within the domain and ensure the
quality of the wave corresponding waves.
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In the EWT wave generation procedure, the wavemaker motions are typically con-
structed using a linear transfer function applied to the target wave spectrum with random
phases. However, the natural nonlinear characteristics of waves lead to changes in their
statistical properties as they propagate from the wavemaker. Furthermore, replicating a
specific target wave, such as a wave field generated by a numerical code, using a linear
transfer function is a complex challenge.

In the case of a CFD-NWT simulation, mainly three wave generation approaches can
be considered. The first approach is the modeling of a moving wavemaker, where the CFD
solver generates and propagates waves by manipulating the wavemaker’s stroke. While
this method can replicate experimental waves in an NWT, it requires significant compu-
tational resources to model the whole wave tank, including the wavemaker. The second
approach is a inner-domain wave-making method [5], which can model the propagation of
the intermediate and shallow water waves using a Boussinesq-type model [6,7]. The third
approach imposes the velocity and elevation of the incident wave on a specific boundary
or region of a smaller-size CFD domain, facilitating the efficient generation of a target
incident wave. This approach is widely used in various NWT applications, such as NWT
simulations of semisubmersible [8]. This approach allows the simulation of nonlinear wave
interaction, such as wave breaking, in the CFD domain while maintaining efficiency by
minimizing the computational domain.

As the waves propagate along the tank, the shape and parameters of the wave spec-
trum are affected by nonlinear wave interaction and dissipation phenomena. These effects
have been extensively studied experimentally [9,10] and theoretically [11,12] in recent years.
Therefore, for both EWTs and NWTs, to ensure the accurate generation of a specific sea state
at the position of interest, a wave qualification procedure is essential. The latter mainly
relies on two features/parameters/measures: the wave spectrum at the target location is
compared with the design wave spectrum, and the wave crest height distribution, which
represents the severity of the wave field, is compared with semiempirical references. On
this ground, the irregular wave generation procedure includes a wave calibration step
that ensures the quality of the spectrum at the target position. This calibration consists
of iterative correction of the wave input (such as the wavemaker motion) to balance the
wave propagation effects from the wavemaker to the target position. For the EWT, this
wave calibration step is highly time-consuming and may require up to a quarter of the
total experimental time. For the CFD-NWT, this procedure is almost impossible to apply
because of its prohibitive computational cost.

Therefore, there is a need for alternative methods for wave calibration. In the recom-
mended procedures and guidelines of the International Towing Tank Conference (ITTC)
for the laboratory modeling of waves [13], various nonlinear irregular wave modeling
methods were reviewed. From those methods, the high-order spectral (HOS) method was
chosen to be employed in this study. The HOS method is a nonlinear wave generation
method that can be extended up to an arbitrary order [14,15], with the advantage of being
computationally efficient. In this study, we used the open source HOS-NWT program [16],
which is an extension of the HOS method designed to replicate waves in an NWT using a
wavemaker. The HOS-NWT solver includes all the necessary nonlinear wave propagation
features and is relatively cost-effective. Furthermore, the iterative correction of the wave
spectrum within such an NWT was successfully validated in previous studies [17].

The present study aimed to build and validate an irregular wave generation and
qualification procedure for irregular wave experiments and CFD simulations based on an
iterative HOS-NWT calibration. This procedure enables the generation and propagation
of the same qualified nonlinear irregular waves in both EWTs and CFD-NWTs without a
calibration process. It was expected to not only reduce the time required for experimental
wave calibration but also to facilitate easy synchronization of the experimental results with
the CFD-NWT results. Detailed information about and the validation of the suggested
procedure in the present paper are organized as follows:
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• Section 2 presents the target wave conditions used in the wave generation and qual-
ification procedure. A strong wave breaking condition is included to assess the
limitations of the suggested procedure;

• Section 3 presents the wave generation and qualification procedure and workflow
of the present study. The deterministic and stochastic comparison approaches are
also introduced;

• Section 4 presents details on the iterative wave calibration procedure using the HOS-
NWT solver. The iteration with the error criterion is applied to obtain an appropriate
wave spectra in the numerics;

• Section 5 describes the experimental setup in the École Centrale Nantes (ECN) Ocean
Engineering tank;

• Section 6 details the numerical features of the OpenFOAM simulations, the wave
generation methodology, and validation with spatial and temporal refinement;

• Section 7 gives a comparative analysis between the HOS-NWT, the experiment, and the
CFD simulation. Deterministic analyses were performed by comparing the wave
elevation and the wave profile during wave breaking events. Stochastic quantities
such as the wave spectrum and the crest probability of exceedance were also compared;

• Section 8 provides a summary of the wave generation and qualification procedures,
the limitations of the study, and our future plans.

2. Wave Conditions

In this study, the suggested procedure was applied to two design sea states, named
Case1 and Case3. These sea states are the same as the wave conditions considered during
the “Reproducible Offshore CFD” joint industrial project [18], which has been conducted
by various academic and industrial groups. For both cases, the design wave spectra follow
the unidirectional Joint North Sea Wave Project (JONSWAP) model [19].

Table 1 presents the JONSWAP parameters for Case1 and Case3. The significant wave
height is denoted as Hs, the peak period as Tp, the peak wavelength as λp, the magnification
factor as γ, and the steepness parameter as ε = Hs/λp. The Benjamin–Feir Index (BFI)
parameter, characterizing the nonlinear wave interactions (also known as Benjamin-Feir
instability), was estimated using the formula suggested by Serio et al. [20].

Table 1. Irregular wave parameters based on the JONSWAP spectrum.

Case Hs (m) Tp (s) h (m) λp (m) γ ε (%) BFI

Case1 6 12.25 500 234 1 2.5 0.318
Case3 17 15.5 500 375 2.6 4.5 0.677

The normalized spectrum shapes of Case1 and Case3 are depicted in Figure 1. Both
wave conditions can be assumed to be deep-water conditions. Case3 corresponds to the
Gulf of Mexico 1000-year return period sea state, where frequent and intense wave breaking
events are expected, and Case1 represents a relatively mild sea state, where wave breaking
barely occurs.
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Figure 1. Normalized target wave spectra for Case1 and Case3.

3. Wave Generation and Qualification

Generating consistent irregular waves for WSI tests, in both experimental and nu-
merical studies, presents challenges owing to the nonlinearity of the waves. The target
sea state has to be generated at a given distance from the wavemaker denoted Xt and
denoted the target location. In severe sea states, the stochastic properties of the wave
field evolve with propagating distance, primarily due to nonlinear wave interactions and
energy dissipation. Therefore, a procedure to accurately reproduce a designated wave field,
satisfying both stochastic and deterministic criteria, at the target location is essential. The
following sections introduce a data analysis methodology and an algorithm designed to
reproduce nonlinear waves in both the experimental wave tank and the CFD-NWT.

3.1. Metrics for the Data Analysis

The metrics for the wave qualification procedure fulfill two distinct objectives: first,
to evaluate the similarity between two temporal wave measurements for a deterministic
comparison; and second, to compare the stochastic characteristics of different sea states.

3.1.1. Deterministic Comparison

When the free surface elevation is provided as spatio-temporal information, a relative
difference function D(t) in Equation (1) can be introduced to observe the time-varying difference.

D(t) =
1

Hre f · N

N

∑
i=1

|ηA(t, xi)− ηB(t, xi)| (1)

where Hre f is the reference wave height that is chosen to be the significant wave height
for irregular waves, N is the number of measurement locations xi along the propagation,
and ηA(t, xi) and ηB(t, xi) are the wave elevations compared. Furthermore, the averaged
Pearson correlation coefficient r̄(t) can be considered with a moving time window [21].

r̄(t) =
1
N

N

∑
i=1

ri(t) (2)

where ri(t) represents the local Pearson correlation coefficient of each elevation measure-
ment is given as:

ri(t) =
cov[η(T (t), xi), ηre f (T (t), xi)]

σ[η(T (t), xi)]σ[ηre f (T (t), xi)]
, T (t) = {τ|τ ∈ (t − Tw/2, t + Tw/2)} (3)

where cov[p, q] represents the covariance of data p and q, σ[q] is the standard deviation
of data q, and Tw represents the time window duration. In the present study, Tw = 5Tp
was chosen following Choi et al. [22]. With this approach, the time shift (δt) from the
reference run (maximizing the cross correlation) is computed to estimate a time-dependent
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deterministic error. Therefore, the time shift (δt) and the averaged Pearson correlation
coefficient (r̄(t)) are compared.

3.1.2. Stochastic Comparison

The wave spectrum is evaluated using Welch’s spectral density estimation method
with a smoothing window length of 15Tp for each realization [23]. Each spectrum can
be bounded by a 95% confidence interval, which accounts for the sample variability of
the data. The spectra are then averaged over the N realizations to obtain the averaged
spectrum S( f , x = Xt).

The stochastic properties of waves, such as the significant wave height Hs, are evalu-
ated from the wave spectrum. The wave peak frequency f̂ p = 1/T̂p is evaluated using the
Young [24] technique.

Hs = 4
√

m0, m0 =

ˆ ∞

0
S( f )d f , f̂ p =

ˆ ∞

0
f S4( f )d f

ˆ ∞

0
S4( f )d f

(4)

The probability distribution of the wave crest heights from single realizations (PDSR)
and the ensemble realization (PDER) is also considered. Since different wave realizations
give different wave crest PDSR curves, Huang and Zhang [25] proposed the PDSR range
with a confidence level. The PDER is evaluated for N realizations to include all events.
For the analysis of PDER, the Jeffrey confidence intervals [26] are also utilized to estimate the
sampling variability error. For this analysis, the uncertainty limit was set at the probability
of the 20th most extreme event.

3.2. Wave Qualification Criteria

Criteria for qualifying the spectrum and crest height distributions were established
in the ‘Reproducible CFD modeling Practice for Offshore Applications’ Joint Industrial
Project [18].

According to these criteria, a generated sea state is considered qualified if the rela-
tive spectrum error (E( f )), as defined in Equation (5), remains within ±5% of the target
frequency range f ∈

[ 3
4 fp, 3

2 fp
]
, where fp is the wave peak frequency of the sea state.

E( f ) =
S( f , x = Xt)− Starget( f )

Starget( f )
, f ∈

[
3
4

fp,
3
2

fp

]
(5)

where S( f , x = Xt) is the measured wave spectrum from EWT, HOS-NWT, and CFD-NWT,
and Starget( f ) is the target wave spectrum.

The probability distribution of the wave crest height is also used for wave qualifi-
cation. The measured PDSR and PDER are compared with reference wave crest height
distributions. Longuet-Higgins [27] showed that the wave crest distribution of linear
waves with assumptions of a Gaussian distribution and a narrow-band spectrum follows
the Rayleigh distribution. However, the Rayleigh distribution is known to underestimate
the height of the wave crests, particularly in severe sea states. Forristall [28] suggested the
wave crest distribution based on second-order theory. Later, Huang and Zhang [25] proposed
a semiempirical formula for the PDER curve and the mean and 99% upper and lower bounds
of the PDSR curves, derived from the numerical wave simulation of 305 sea states. Therefore,
the Rayleigh distribution, Forristall distribution, Huang’s PDER distribution, and the mean
and 99% bounds of Huang’s distributions were used as references for comparing the measured
PDSR and PDER curves. However, studies such as Onorato et al. [29] and Canard et al. [30]
showed that, in a wave tank environment, the distribution of the wave crest heights de-
pends mainly on the distance from the wavemaker due to modulational instabilities that
develop during the propagation of unidirectional irregular sea states. The references men-
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tioned above are dedicated to open ocean description and consequently do not consider
these effects and, thus, should be used carefully.

3.3. Available Tools and Adopted Procedure

Obtaining converged wave stochastic properties in experiments or CFD simulations is
extremely time-consuming because a significant number of realizations of irregular waves
are required. Additionally, proposing a calibration procedure in EWTs or CFD-NWTs
will be highly time-consuming, making it practically unusable. Therefore, a dedicated
and efficient numerical wave tank tool based on potential flow theory can be used in a
preliminary step.

To this end, this study proposes a novel wave calibration and generation procedure
that employs the HOS-NWT solver as an iterative wave calibration tool. This will provide
the adequate wavemaker motion for EWTs and/or the nonlinear incident wave field for
CFD-NWTs. Figure 2 illustrates the workflow of irregular wave calibration and generation.

Figure 2. Wave generation and qualification workflow for the HOS-NWT, the wave basin experiment,
and the OpenFOAM simulations.

When the target sea state is chosen, the iterative wave calibration process is performed
with the HOS-NWT solver (see Section 4 for details). The wavemaker motion in the
HOS model is adjusted iteratively, continuing until the relative difference in the wave
spectrum (E( f ) in Equation (5)) falls within a ±5% tolerance. After the iteration procedure
is completed, the wavemaker motions for the EWT and the HOS wave data for the CFD-
NWT are available to conduct the WSI study of interest. One objective of the present
study was, thus, to perform the wave qualification process with the waves measured
experimentally and the ones computed with the CFD-NWT (see Section 7). Finally, the wave
qualification process is performed for the waves measured from the experiment and the
CFD simulation.

4. Iterative Wave Calibration with HOS-NWT

The HOS-NWT solver, which is an extension of the HOS method, incorporates specific
features of a wave tank environment, such as a wavemaker, lateral reflective walls, and an
absorbing beach. It has been extensively validated and used as a digital twin of the ECN
wave basin.

The nonlinear potential flow models naturally neglect vorticity and viscosity effects
by employing irrotational and inviscid assumptions, which dramatically facilitate the
wave modeling. However, these assumptions prevent the use of potential flow solvers
for phenomena involving strong viscous effects or high vorticity such as breaking waves.
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To overcome this limitation, the Tian–Barthelemy wave breaking model was employed.
This model uses Tian’s eddy viscosity model with Barthelemy’s breaking criterion [31,32].
The wave breaking model predicts the onset of wave breaking events and estimates the
amount of dissipation using the wave profile.

Calibration at the Target Position Using HOS-NWT

The preliminary step of generating calibrated HOS-NWT waves for sea states Case1
and Case3 was performed using an iterative procedure. As the detailed process of this
iterative wave calibration using HOS-NWT is thoroughly described in Canard et al. [17],
this section will briefly outline the numerical setup of the HOS-NWT solver.

The 2D numerical domain (length, depth, and wavemaker geometry) was set to
mimic the ECN Ocean Engineering wave tank to allow consistent comparisons with the
experiment. The dimensions of the 2D numerical wave tank were Lx = 5000 m in length
and h = 500 m in depth. The target location from the mean wavemaker was set to 708 m
(i.e., Xt = 3λp) for Case1 and 750 m (i.e., Xt = 2λp) for Case3. Note that the numerical
absorbing beach was tuned to minimize wave reflection.

Table 2 presents the HOS-NWT numerical setup adopted for Case1 and Case3. Spatial
discretization was specified using kmax = Nxπ/Lx, i.e., the largest wave number solved,
which is related to the number of nodes in the x direction (Nx). Nz is the number of
HOS nodes in the vertical direction. The HOS simulation time (Tsimul) for each seed was
10,800 s, excluding the transitory stage for wave propagation. The wave breaking model
was activated only for Case3. The intensity of the eddy viscosity (αe), introduced for the
wave breaking model in Tian et al. [31], acted as the damping when the wave breaking
event occurred. For this study, αe = 0.04 was used. Finally, the HOS order was set to
M = 3, which ensured an accurate and efficient solution of the nonlinear problem.

Table 2. HOS-NWT numerical setup for Case1 and Case3.

Wave Case Nx Nz αe M Tsimul

Case1 1024 (kmax = 25kp) 17 0 3 10,800 s (880Tp)
Case3 400 (kmax = 15kp) 17 0.04 3 10,800 s (700Tp)

The iterative spectrum correction procedure was applied to Case1 and Case3 at their
respective target locations. Following the calibration procedure in Canard et al. [17],
after 1 and 4 iterations for Case1 and Case3, respectively, the mean wave spectrum at
Xt satisfied the ±5% criterion. In Canard et al. [17], 100 realizations per sea state were
calibrated. Since such a large number of realizations cannot be performed in CFD or in
experiments, for the present study, we used selected 10 realizations for each sea state.

Figure 3 presents the Case3 wave spectrum and the crest ensemble distribution com-
puted using the 100 seeds (left plots), and the 10 seeds selected for CFD and experimental
reproduction (right plots). The thick solid black line, which is the mean wave spectrum,
satisfies the ±5% criterion. The gray lines in the spectrum plots correspond to the spectra
computed from the individual realizations. The confidence intervals are also displayed
to quantify the increase in the sampling variability error that follows the selection of the
10 seeds.

The calibrated HOS-NWT results were used to generate the equivalent EWT (Section 5)
and the corresponding CFD-NWT simulation (Section 6). Finally, the associated stochastic
quantities (spectrum, crest distribution, significant wave height, peak period) are presented
and compared in Section 7.
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(a) Wave spectra from 100 seeds (b) Wave spectrum from 10 seeds

(c) Ensemble crest distribution from 100 seeds (d) Ensemble crest distribution from 10 seeds

Figure 3. Case3 HOS-NWT wave spectra and ensemble crest distribution at Xt after iteration, using
the 100 seeds (a,c), and the 10 seeds selected for CFD and experimental reproduction (b,d). The grey
lines in the spectrum plots correspond to the spectra computed from the individual realizations.

5. Experiments in ECN Ocean Wave Tank

The wave generation experiments, following the workflow in Figure 2, were conducted
in the ECN Ocean Engineering tank. In these experiments, the calibrated wavemaker
motion derived from the iterative procedure using the HOS-NWT solver was applied to
the experimental wavemaker. For both sea states Case1 and Case3, 10 realizations were
reproduced in the wave tank.

This section briefly describes the experimental setup, and the experimental results
are discussed in Section 7. Further details on the wave basin experiments can be found in
Canard et al. [33].

Experimental Setup

Figure 4 presents the dimensions of the ECN Ocean Engineering tank, which measures
46.4 m in length, 29.74 m in width, and 5 m in depth. The tank features a segmented
wavemaker at one end, consisting of 48 independent flaps with hinges positioned 2.147 m
above the bottom. At the opposite end of the tank, a parabolic absorbing beach is installed
to reduce wave reflections, limiting the reflection to under 5% of the wave amplitude for
the range of wave frequencies considered for the present study.
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2.147m

Figure 4. ECN ocean engineering tank dimensions.

To use optimized wavemaker capabilities and position the target near the middle of
the wave tank, the waves for Case1 and Case3 were generated on a scale of 1:40 and 1:50,
respectively. The tank was equipped with resistive wave gauges measuring the free surface
elevation time series with a sampling frequency of 100 Hz. The uncertainty tests for the
same wave measurement system were conducted in Canard et al. [30], and the uncertainty
of corrected calibration factor of the wave gauge was about 2.5% in the calibration stage.
The positions of these gauges, both in the model and full-scale, are listed in Table 3. WG1,
positioned at the target location, was the reference wave gauge for the experiment. WG4
and WG5, installed for validation purposes, were placed at the same distance from the
wavemaker along a transversal line.

Table 3. The position of wave gauges in the x-direction from the wavemaker in the ocean engineering
tank. WG1 was the reference wave gauge.

Sea State WG1, WG4, WG5 WG2 WG3

Case1 (Scale: 1/40) 17.7 m 13.95 m 21.45 m
Case3 (Scale: 1/50) 15 m 11.25 m 18.75 m

6. CFD Simulations with the OpenFOAM foamStar Solver

This study employed Open-source Field Operation And Manipulation (OpenFOAM) [34]
as a CFD tool. OpenFOAM provides a C++ toolbox for the development of user-customized
numerical solvers with pre-/postprocessing utilities, mainly for fluid mechanics solutions.

In this study, the OpenFOAM simulation was performed with an additional in-house
code package, foamStar, co-developed by Bureau Veritas and ECN, which supports specific
functionalities for naval applications such as wave generation and floating body controls.
It also interacts with an external library, Grid2Grid, which is a wrapper program that
reconstructs and interpolates the HOS-NWT wave elevations to any point where it is
needed in the CFD domain following the protocol given by Choi et al. [22]. Details of the
OpenFOAM formulation can be found in Seng [35], and the numerical configurations for
the CFD simulation are briefly discussed.

6.1. Numerical Configurations

The governing equations were solved with a finite volume method (FVM) using an
unstructured polyhedral volume mesh with appropriate spatial and temporal schemes
and boundary conditions. OpenFOAM supports numerous user-selectable spatial and
temporal schemes. The simulation results were sensitive to the selection of numerical
schemes, especially convection and time-integration schemes. For all simulations in this
study, the set of spatial discretization schemes outlined in Table 4 was used.
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Table 4. Spatial discretization schemes.

Item Equation FV Scheme

Gradient ∇q cellLimited Gauss linear 1.0
Surface Normal gradient n•(∇q) f corrected 0.5

VOF convection ∇•(uα) Gauss vanLeer + MULES limiter
VOF relative flux ∇•(urα(1 − α)) Gauss linear

Momentum convection ∇•(ρuu) Gauss linearUpwindV grad(U)
Momentum Laplacian ∇•(μ∇(u)) Gauss linear corrected 0.5

Pressure Laplacian ∇•( 1
qp
∇(p)) Gauss linear corrected 0.5

k convection ∇•(ρuk) Gauss upwind
ω convection ∇•(ρuω) Gauss upwind

Under-relaxation q 1.0

For the Reynolds-averaged Navier–Stokes equations (RANSE) simulation based on
the FVM in the naval engineering field, k-ω SST models are widely used. However, in the
OpenFOAM community, it is known that the k-ω SST model generates a nonphysical high
viscosity beneath the free surface in two-phase flow simulations. This excessive turbulence
viscosity dramatically dampens the waves within a few wavelengths, which is unrealistic
in wave propagation. To avoid nonphysical damping due to the turbulence model, Larsen
and Fuhrman [36] introduced a buoyancy production term for two-phase flow applications.
The current work adopted this concept to address the variation in density of the two-phase
flow near the free surface, naming the adopted model the ‘free surface k-ω SST’. In the
application of the free surface k-ω SST model, the selection of the convection scheme is
crucial for the stability and computational efficiency of the simulation, due to the mass
flux (ρu) in the convection term. Therefore, the first-order Gauss upwind scheme was
employed for both turbulence convection terms.

The simulations were conducted using the 0.99 off-centered Crank–Nicolson scheme,
identified as the most efficient time-integration scheme for wave simulation in a previous
study [37]. For turbulence transport, however, the implicit Euler time-integration scheme
was employed to enhance numerical stability. Eight PIMPLE iterations and four PISO
iterations were utilized to minimize the error from nonlinear iterations. Since the meshes
were fully orthogonal, no nonorthogonal corrector was used.

6.2. Wave Relaxation Method

An explicit relaxation method [35,38] was adapted to generate and absorb waves.
It smoothly blends the computed solution with the target solution in a relaxation zone.
The computed solution (χ) is blended with the target solution (incident wave) (χI) as
shown in Equation (6). An exponential blending weight function (w) was employed that
varies between 0 and 1, with the normalized coordinate of ξrelax ∈ [0, 1] changing in the
relaxation zone.

χ = (1 − w)χ + wχI , w(ξrelax) =
eξ3.5

relax − 1
e − 1

(6)

6.3. CFD Numerical Domain and Spatial Discretization

The CFD numerical domain and the numerical configuration employed for wave
simulations are detailed here. Figure 5 provides a full-scale representation of the 2D
rectangular NWT for numerical simulations. The CFD simulation was conducted with
the model scale (1/100). However, for consistency, all values are given in full-scale terms.
For a clear definition of each solver’s numerical setup, two distinct coordinate systems
were introduced: one for the HOS domain and another for the CFD domain. The origin of
the HOS coordinate system was established at the mean position of the wavemaker and
the mean free surface. The length of the CFD domain was 1200 m and was positioned in
the middle of the HOS computation domain from xHOS = 100 m to xHOS = 1300 m. In
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addition, the water depth was 500 m. Both inlet and outlet relaxation zone lengths were set
to 300 m regions, and a 600 m long CFD zone was used for pure wave propagation.

Figure 5. Schematic view of the HOS and CFD domains for irregular wave simulation.

At the initial time (t = tstart), the wave elevation and velocity were initialized across
the entire CFD domain. The VOF (volume of fluid) field was set based on the HOS
wave elevation, and the fluid velocity beneath the free surface was derived from the HOS
wave velocity. To maximize efficiency on a multinode computer cluster system, the 3 h
sequence was divided into seven or eight intervals. In each interval, 10 peak periods (10Tp)
overlapped with the preceding and subsequent runs. Table 5 outlines the start time (tstart)
and the end time (tend) of each interval. Each interval corresponds to 110 peak periods:
1225 s for Case1 and 1550 s for Case3. The total simulation time (Tsimu) was 9922.5 s for
Case1 and 10,650 s for Case3. The validation of this approach is provided in Section 7.

Table 5. Time intervals of the irregular wave simulations for Case1 and Case3 in full-scale.

Case1 Hs = 6 m Tp = 12.25 s Case3 Hs = 17 m Tp = 15.5 s

Run tstart (s) tend (s) tstart (s) tend (s)

Run1 1077.5 2425 1050 2700
Run2 2302.5 3650 2550 4200
Run3 3527.5 4875 4050 5700
Run4 4752.5 6100 5550 7200
Run5 5977.5 7325 7050 8700
Run6 7202.5 8550 8550 10,200
Run7 8427.5 9775 10,050 11,700
Run8 9652.5 11,000 - -

Table 6 provides a summary of the mesh refinement parameters selected for each
sea state. The cell sizes in the free surface refinement region are denoted as Δx and Δz in
horizontal and vertical directions, respectively. A constant cell aspect ratio (Δz/Δx = 0.5)
was used. The free surface refinement region was defined between z = −Hs and z = 1.5Hs.
The upper and lower refinement zones were linearly stretched from cell sizes comparable
to those of the free surface refinement zone to large cells at the top and bottom domain
boundaries. The first two refinement parameters in the table refer to the reference setup.
Considering that the target frequency range was f ∈

[ 3
4 fp, 3

2 fp
]
, the number of cells

per shortest target wavelength (λmin) was approximately λmin/Δx ≈ 50 for Case1 and
λmin/Δx ≈ 80 for Case3. The computational cost of single Case3 simulation was about
120 CPU hours. The lower two mesh refinements setup in Table 6 were only used for the
wave breaking event convergence test.
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Table 6. Mesh refinement parameters in full-scale for the free surface refinement region (−Hs < z < 1.5Hs).
The upper two refinements were the reference setup for the irregular wave simulations.

Wave Case Δx (m) Δz (m) Hs/Δz h (s) Total N Cells

Case1 2 1 6 0.04 60,000
Case3 2 1 17 0.04 73,200

Case3 Dx4m 4 2 8.5 0.08 18,300
Case3 Dx1m 1 0.5 34 0.02 292,800

7. Results and Discussion

As presented in Figure 2, this section provides a comparative analysis of the results
obtained from the HOS-NWT, OpenFOAM (foamStar), and experimental data. The ex-
perimental results are briefly described, and the results of the deterministic analysis and
stochastic analysis are presented. The deterministic analysis emphasizes how the time
series differed when comparing the three types of results. Specific attention was paid to
the time and space where the wave breaking events were identified using the HOS-NWT
wave breaking model and the possible differences that can be observed in the CFD and
the experiments. The stochastic analysis focuses on a spectral analysis of wave signals
corresponding to a calibrated wave condition and the probability distribution on the wave
crest height (PDSR and PDER).

7.1. Experimental Result

In the analysis of the experimental data, considerable attention was paid to the evalua-
tion of the accuracy and uncertainties of the experimental process and results. The following
results briefly provide an estimate of errors that affect both deterministic and stochastic
variables of interest. For more comprehensive details on this experiment, the readers are
referred to the work of Canard et al. [33].

7.1.1. Repeatability

During the experimental campaign, the sea state Case1 Seed1 experiment was con-
ducted daily to test repeatability. This process resulted in eight runs and all runs started
under calm water conditions, with the exceptions of Test1 and Test4, which were started
just after a previous run to assess the influence of preliminary noise in the tank.

Figure 6 offers a deterministic comparison of the eight runs. The first plot in the
figure presents the comparison of the time series. The second and third graphs present
the comparison of the time shift (δt) varying throughout the runs to maximize the Pearson
correlation coefficient, and Test6 was chosen as the reference data. For the runs that
started in calm water and over the displayed time window, the correlation was around
0.99, and the time shift was below δt < 0.05 s = 2.5%Tp. The errors increased for the other
two runs (Test1 and Test4), providing insight into the deterioration of the waves due to
the influence of preliminary noise.

7.1.2. Transverse Measurements

The waves measured from WG1, WG4, and WG5 were compared to verify the uni-
directionality of the generated waves and quantify the possible generation of spurious
transverse waves. Figure 7 displays the mean spectrum and wave crest height PDER for
Case1, as measured by the three wave gauges. It is observed that the PDERs were nearly
indistinguishable up to the sampling variability limit. However, the spectra present notable
differences. While WG1 and WG5 showed similar results, the WG4 measurements clearly
deviated from the other two wave gauges, which reached 12% around f = 1.4 fp. This
deviation was most likely due to the transverse waves, which are almost unavoidable in
a wave basin experiment. Since WG1 was the reference wave gauge of the experiment,
hereafter, only the experiment results of WG1 are discussed.
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Figure 6. Deterministic comparison among the 8 runs of the repeatability data set (Case1 Seed1),
WG1 measurements.

Figure 7. Case1 wave spectrum and wave crest height PDER measured by the three wave gauges at
x = Xt with different lateral positions.

7.2. Deterministic Analysis
7.2.1. Influence of the Initial Time in the CFD-NWT Simulation

A notable advantage of this wave generation procedure for the CFD-NWT is that
the user can choose the start time of the CFD simulation. Although performing a long
CFD-NWT simulation is important for validating the proposed workflow, this approach
remains beneficial since the appropriate length of the CFD simulation might be shorter
than the typical 3 h realization.
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This approach raises two key questions: First, how much transient time is needed for
the CFD to evolve its own solution from the flow input? Second, are there accumulation
errors or dysfunctions of the absorption capabilities that make the solution depend on
the total simulation time? To answer these questions, the split simulations, as detailed in
Table 5, were compared with a 3 h simulation.

A difference indicator function in Equation (1) was used to clearly observe the dis-
crepancy of waves between the computational setups. Here, the reference wave elevation
was the HOS-NWT, and the CFD-NWT waves were compared. The difference indicator
function measures the normalized difference between the HOS-NWT wave elevation and
the CFD wave elevation in the pure CFD computational (150 m ≤ xCFD ≤ 450 m).

In Figure 8, the wave elevation from the 3 h simulations is compared to the split
simulation for the test cases Case1 Seed1 Run8 and Case3 Seed5 Run7, which are the last
time intervals, as described in Table 5. The computational setups for the split and 3 h
simulations were identical. The first and third panels of Figure 8 display the normalized
wave time series at xCFD = 0 m for Case1 and Case3, while the second and fourth panels
illustrate the difference indicator function over time for the same cases. In the graphs,
solid green lines represent the results of the split simulations, while orange dashed lines
depict the results from the 3 h simulations. The solid blue line in the first and third panels
indicates the wave elevation discrepancy between the foamStar 3 h simulations and the
split simulation. For both Case1 and Case3, the time series of the wave elevation between
the split and the 3 h simulations generally showed good agreement.

The solid black line shows the discrepancy ratio between two respective difference
functions. For Case1, the discrepancy ratio remained below 2.5% and gradually decreased
as the simulation progressed. For Case3, the discrepancy ratio between two respective
difference functions slowly decreased after 20 wave peak periods. These results suggest
that, while CFD-NWT and HOS-NWT may produce locally varying time series due to
different approaches in modeling nonlinearities, particularly wave breaking, the impact
of memory effects in CFD computations appeared to be minimal. In conclusion, both the
split and the 3 h simulation methods are effective for long irregular wave simulations,
although further investigation is required to clarify the minor differences observed between
these two approaches, particularly in Case1.

Figure 8. Cont.
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Figure 8. Comparison between split and simulation result for Case1 Seed1 run8 (upper two plots)
and Case3 Seed5 Run7 (lower two plots). The black solid line in the second and fourth panels
present the discrepancy ratio between the two respective difference functions.

7.2.2. Comparative Analysis of HOS-NWT, CFD-NWT, and EWT Focusing on Wave
Breaking Events

A deterministic analysis of the wave elevation time series during wave breaking
events was performed using both experimental and numerical results. The analysis was
performed for the test case Case3 Seed6 Run4.

The timing and locations of wave breaking events were initially checked to facilitate
further analysis. Figure 9 shows the wave breaking events identified using the Tian–
Barthelemy model during HOS-NWT simulations. The x-axis represents the longitudinal
position of the computational domain of HOS-NWT, and the y-axis indicates time. The thick
black vertical dotted lines are the boundary between the pure CFD computational zone and
the relaxation zone. Horizontal dotted lines indicate the time interval between simulations.
Each colored box represents a breaking event, where the color of the box corresponds to
its wave crest height (Hc). The dimensions of each box represent the specific position and
duration of the wave breaking event.

Figure 10 presents a comparison of the wave signal from the ECN experiment, the HOS-
NWT simulation, and the OpenFOAM (foamStar) simulation of the test case Case3 Seed6.
As in Figure 6, the wave time series, the time shift, and the correlations were compared
using the HOS-NWT wave as a reference.

In general, the wave signals from both foamStar and the experimental data demon-
strated good agreement with the HOS-NWT results. Specifically, foamStar exhibited a
larger correlation, while the experimental data showed a smaller time shift. During this
event, both the foamStar and the experimental waves showed good agreement. However,
after the wave breaking event, around 6400 s, a decrease in correlation was observed in the
experimental waves. This result implies that the Tian–Barthelemy wave breaking model
effectively replicates the dissipation of waves during the wave breaking event. However,
the memory effect of the wave breaking event shown in the experiment was not fully
reproduced in the HOS-NWT and foamStar simulations.
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Figure 9. Examples of wave breaking events identified using the Tian–Barthelemy breaking model
for HOS-NWT waves. Each box represents space and time where and when the breaking events
occur, and the color of the box corresponds to its wave crest height (Hc). The thin black vertical
lines represent the boundary of the CFD zone, whereas the thick black vertical dotted lines are the
boundary between the pure CFD computational zone and the relaxation zone. The red vertical line is
the reference position.

Figure 10. Comparison of the wave elevation time series from the experiment foamStar and HOS-
NWT at xCFD = 750 m Case3 Seed6. The red vertical lines represent the wave breaking events.

Another deterministic analysis was conducted that mainly aimed to compare the
difference in the spatial distribution of the wave elevation during the wave breaking events.
The spatial distribution of the wave elevation from the HOS-NWT, foamStar, and point
measurement from the experiment were compared.

In Figure 11, the five plots present the spatial distributions of the wave elevation of
the wave breaking event measured within the time interval of [5940 s, 5980 s] and the space
range of x = [700, 1000] m. The vertical dotted lines are the boundaries between the pure
computational zone and the relaxation zones in the foamStar simulation. The results of the
CFD simulation were obtained from three different mesh refinements, which are listed in
Table 6. Before the wave broke, the CFD waves globally followed the spatial distribution
of HOS-NWT. When the wave breaking event occurred, the CFD waves deviated from
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HOS-NWT and their values were closer to the experimental measurements. This result was
expected since the wave breaking model implemented in the HOS-NWT did not represent
the exact physical process during the breaking phase. It was designed to be representative of
the real physics in terms of postbreaking properties (energy dissipation and redistribution).
This was validated in the observation that, after breaking, the waves quickly recovered the
excellent agreement between the HOS-NWT, CFD-NWT, and EWT. Also, after the wave
breaking event, the CFD results exhibited different patterns of local wiggling, depending
on the mesh refinement level. This implies that the CFD mesh refinements used in the
present study are sufficient to reproduce the wave breaking event.

7.3. Stochastic Analysis

A stochastic analysis on the irregular waves was performed to estimate statistical
properties and check the quality of the generated waves. The analysis was carried out
using 10 realizations of waves measured at the target location. Each realization of a wave
corresponded to approximately 3 h of measurements at full-scale.

Figure 11. Comparison of the wave profile from the HOS-NWT solver and foamStar solver with
three resolutions during the wave breaking event of Case3 Seed6 Run4.

7.3.1. Spectral Analysis

For spectral analysis, the averaged wave spectrum of 10 realizations was calculated
and compared. The following analysis compares four different wave spectra, which are
the target wave spectrum and the averaged wave spectrum obtained from the HOS-NWT,
foamStar, and experiment. Figure 12 compares the mean wave spectra of Case1 and Case3
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with the target spectrum. The x-axis is normalized to its peak wave frequency, and the y-axis
is normalized to its significant wave height and peak period. The mean wave spectrum is
defined as the average of all wave spectra from the 10 three-hour realizations. The following
analysis compares four different wave spectra, which are the target wave spectrum and
the averaged wave spectrum obtained from the HOS-NWT, foamStar, and experiment.
Since the HOS-NWT waves were already corrected to the target spectrum, the HOS-NWT
spectrum showed very good agreement. The foamStar results generally showed slightly
underestimated results, and the experiment showed small oscillations around the target,
depending on the wave frequency.

Figure 13 presents a quantitative comparison of the mean wave spectra by assessing
the difference ratio between the wave spectra. The measured wave spectra are compared
with the target spectrum on the left graph and also with the HOS-NWT spectrum on the
right graph of Figure 13. A comparison with the HOS-NWT wave spectrum was considered
important since the HOS-NWT was the input of the experiment and the CFD simulation.
In this graph, the black dotted lines denote the bounds of the ±5% target criterion region,
while the red dotted lines indicate the target frequency range of [0.75 fp 1.5 fp].

Figure 12. Comparison of the irregular wave spectrum from the HOS-NWT, experiment, and
foamStar for Case1 and Case3 at the target location xCFD = 0 m.

When the difference ratio of the wave spectrum from the target spectrum was com-
pared, only the HOS-NWT spectrum satisfied the ±5% criterion in the target frequency
range. On the other hand, comparing the experiment and the foamStar wave spectra using
the HOS-NWT wave spectrum as a basis, neither of the two wave spectra satisfied the ±5%
criterion in the target frequency range. The experimental result for both Case1 and Case3
generally aligned well with the HOS-NWT, while a larger discrepancy wave was measured
for the high-frequency components. Looking at the variation in the wave spectrum in
Figure 7, it suggests that the variation in the high-frequency components was related to the
transverse effects in the wave basin. The foamStar simulation result generally showed a
smaller wave spectrum than the HOS-NWT, and the wave spectrum gradually decreased
as the wave frequency increased. Considering that the damping of a regular wave was
highly related to the mesh resolution per wavelength, the underestimation of the spectrum,
along with the frequency, was presumably due to the insufficient mesh resolution. The
difference ratio of Case3 showed a more oscillatory reduction along the frequency than
that of Case1.

Table 7 summarizes the wave parameters obtained at the target locations for both
Case1 and Case3. It presents the significant wave height (Hs), the wave peak period
(Tp, maximum of spectrum), and the true wave peak period (T̂p) defined in Equation (4).
The ITTC recommendation for wave modeling [13] proposed a tolerance of ±5% on both
the significant wave height and the peak period. For both sea states, the significant wave
heights and the wave peak periods of all wave spectra remained within the range ±5%.

182



J. Mar. Sci. Eng. 2024, 12, 227

Figure 13. Comparison of the irregular wave spectrum from the HOS-NWT, experiment, and
foamStar for Case1 and Case3 at the target positions.

Table 7. Significant wave height, peak periods, and maximum difference ratio from the HOS-NWT
spectrum of the irregular waves measured at xHOS = 708 m for Case1 and xHOS = 750 m for Case3.

Case1 Target HOS-NWT foamStar Experiment

Hs [m] 6 5.96 (−0.64%) 5.74 (−4.31%) 5.91 (−1.57%)
Tp [s] 12.25 12.49 (1.94%) 12.55 (2.41%) 12.17 (−0.63%)
T̂p [s] 12.25 11.65 (−4.87%) 11.73 (−4.23%) 11.67 (−4.76%)

Max diff. S( f ) - - 9.17% 18.04%

Case3 Target HOS-NWT foamStar Experiment

Hs [m] 17 17.02 (0.14%) 16.52 (−2.81%) 17.12 (0.72%)
Tp [s] 15.5 15.43 (−0.47%) 15.43 (−0.47%) 15.49 (−0.09%)
T̂p [s] 15.5 15.31 (−1.25%) 15.32 (−1.16%) 15.34 (−1.01%)

Max diff. S( f ) - - 9.55% 9.87%

In summary, the wave spectra of the foamStar simulations and the experiment gener-
ally showed good agreement with the HOS wave spectrum, while they did not satisfy the
±5% criterion in the entire target frequency range. Also, the wave parameters satisfied the
ITTC recommendation.

7.3.2. Wave Crest Height Distribution

The PDSR (single realization) and PDER (ensemble realization) of the wave crest
height were compared with the reference distributions. Note that the previous study of
Canard et al. [30] showed that, depending on the target location from the wavemaker, even
if the spectrum was qualified, the PDER curve of wave crest height could be significantly
different. However, in this study, the target location from the wavemaker was only two
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and three wavelengths, and the evolution of the wave statistic properties along the domain
was not expected to be significant. Figure 14 compares the probability of exceedance (POE)
of the wave crest height measured at the target locations. The upper graphs show PDSR
markers for Case1 and Case3, while the lower graphs show the PDER curves. Each PDSR
marker presents a measured wave crest height. The y-axis of the graph presents the POE
of the wave crest height, and the x-axis of the graph presents the normalized wave crest
height. Note that the wave crest is normalized by the measured significant wave height
tabulated in Table 7.

The PDSR markers of the experiments and numerical simulations were compared
with a Rayleigh distribution, the Forristall distribution [28], and 99% of the upper and
lower bounds of the wave crest distribution built by Huang and Zhang [25]. For Case1,
the PDSR markers of the experiment, HOS-NWT, and foamStar mostly fell between the
99% lower and upper bounds of Huang’s distribution. Moreover, a few smaller wave crest
heights of foamStar and larger wave crest heights of the experiment and HOS-NWT were
captured. In the case of Case3, relatively smaller PDSR markers were captured compared
to the Huang mean distribution.

Figure 14. Probability distribution of wave crests height at the target locations. The upper plots
show the probability distribution of single realizations and the lower plots show the probability
distribution of wave crest for an ensemble of realizations.

The PDER curves were compared with the Huang ensemble distribution and the
Forristall distribution. Additional ±7.5% bounds of the Huang ensemble distribution were
also used to estimate the difference. The horizontal dotted line represents the probability of
the last 20 events of the HOS-NWT simulation. In the PEDR analysis, the results under this
dotted line are considered unreliable due to the lack of wave crest height data.

For Case1, overall, the three curves were in good agreement within the range of
statistical convergence. Small discrepancies were observed forfoamStar, which predicted
slightly underpredicted values. This might be related to the lower energy in the high-
frequency range of the spectrum. Then, these curves compared quite well with the Huang
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PDER curve. For Case3, all three curves agreed well, excluding the last 20 events. This
demonstrates that the wave breaking model in the HOS-NWT was able to correctly model
the wave breaking observed in the CFD-NWT and the experiment. All three measured
PDERs were underestimated compared to the Huang ensemble distribution.

8. Conclusions

The main objective of this paper was to propose and validate a wave generation and
qualification procedure for irregular wave experiments and an OpenFOAM CFD simulation
based on the HOS-NWT method. A wave generation and calibration procedure based on
the HOS-NWT solver is proposed, and each part of the workflow is described. The details
of the HOS-NWT wave solver are presented, and the setup of the wave basin experiment is
outlined. Then, the numerical setup of the OpenFOAM simulation is introduced.

The proposed irregular wave generation process was tested for two long-crested
irregular wave conditions: Case1 and Case3. One representing mild wave conditions and
the other including frequent wave breaking events. For each wave condition, 10 three-hour
realizations were performed to obtain the stochastic properties of the irregular waves.
Finally, comparisons of the HOS-NWT, OpenFOAM (foamStar), and experiment were
performed. Both deterministic and stochastic analyses were performed to assess the quality
of the irregular waves, and the wave qualification criteria proposed for the stochastic
analysis were applied. Finally, from the analysis, the following remarks can be made:

• Using the OpenFOAM solver foamStar, a split simulation with multiple time intervals
was performed. The simulation was compared with the full 3 h simulation. Consider-
ing that the difference between the two simulations almost disappeared within 20Tp
for Case3, it was found that the influence of splitting is minimal and the memory
effect from the nonlinearity of irregular waves is small. This result confirms that the
split simulation of irregular waves is applicable. However, regarding its application
to the WSI simulation, further investigation is required;

• In the deterministic analysis, a specific wave breaking event was selected for examina-
tion, focusing on comparing its time-series and spatial-wave profiles. The difference
between the HOS-NWT, OpenFOAM, and experimental wave was small until they
reached the wave breaking limit. When the HOS-NWT and OpenFOAM wave pro-
files were compared, a clear phase difference was captured, whereas a comparable
wave dissipation was measured due to wave breaking. This finding suggests that the
Tian–Barthelemy wave breaking model integrated into the HOS-NWT solver effec-
tively replicates wave dissipation during the wave breaking event, while it does not
induce a phase change associated with wave breaking events. The resultant waves
of OpenFOAM generally followed the HOS-NWT, but they deviated from the HOS-
NWT when wave breaking occurred and matched well with those in the experiment.
Therefore, the CFD simulation with the suggested workflow can be used to model
wave breaking events;

• A stochastic analysis of the wave spectrum was performed, comparing the measured
wave spectrum with the target wave spectrum and the HOS-NWT wave spectrum.
The wave parameters satisfied the ITTC ±5% criterion. The wave spectra of the
OpenFOAM simulation and the experiment generally agreed well with the HOS-NWT
wave spectrum, but they did not stay within the ±5% region in the entire target fre-
quency range. The resultant OpenFOAM wave spectrum showed an underestimated
wave spectrum, especially for the high-frequency components, due to an insufficient
mesh resolution;

• A stochastic analysis was performed on the probability distribution of wave crest
height. The measured PDSR and PDER curves were compared with the reference
distributions. For both sea states, the PDSR markers fell mostly between the ±99%
bounds of Huang’s empirical formula. For both Case1 and Case3, the three curves
generally agreed well, excluding the last 20 events. This validates that, for Case3,
the wave breaking model in the HOS-NWT can correctly model the wave breaking
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observed in the CFD-NWT and the experiment. Small underpredictions of the wave
crest height were observed for foamStar, which might be related to the lower energy
in the high-frequency range of the spectrum. For Case1, the PDER curves compared
quite well with the Huang ensemble distribution, while smaller PDER curves were
observed for the wave breaking condition. This result confirms that the suggested
procedure effectively reproduces wave stochastic properties in both CFD simulations
and experiments.

With these remarks, this study confirms that the HOS-NWT-based nonlinear irregular
wave calibration and generation procedure, including the wave breaking model, can
effectively reproduce nonlinear waves for both experiments and CFD-NWT simulations,
saving experimental and computational time in wave calibration. However, the wave
spectra of the experiment and CFD-NWT did not stay within the ±5% region in the target
frequency range. The variation in the wave spectra of the experiment is considered to be
an unavoidable error due to the wave basin characteristics and experimental limitations.
In the case of the CFD-NWT, further studies on the CFD mesh resolution for irregular wave
simulations are required to explore an adequate numerical setup for certain sea states.
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