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1. Modeling of Coupled CFD Problems: Modern Challenges

The development and application of numerical models to the simulation of coupled
CFD problems has been the focus of research in various areas of science and engineering
since the first decade of the 21st century. While major methods capable of dealing with
the most common classes of coupled problems have been established, there remains a vast
space for further research. The major modern challenge consists of simulating a given
complex coupled problem to a necessary degree of detail (i.e., including all the necessary
“ingredients”) while providing the requested results in a feasible time. The accurate, high-
fidelity simulation of complex coupled problems using classical established schemes can be
useful for academic purposes, but in many practical cases, the complexity and associated
computational tediousness limit their significance. Thus, developing efficient approaches
for solving coupled problems remains a challenge.

2. Major Coupled Problems in Marine/Ocean Engineering

Coupled problems in marine, ocean, and coastal engineering refer to the complex
interactions between the different physical phenomena that occur in these environments.
One can distinguish the following classes of problems:

• Fluid-structure interaction
• Sediment transport
• Water quality modeling
• Climate change modeling

One of the most crucial and complex topics in this field is the fluid–structure inter-
action involving waves, currents, and offshore structures. Waves and currents can exert
significant forces on offshore structures, which can lead to structural deformation, dam-
age and instability. Understanding the hydrodynamic–structure interaction is crucial for
designing safe and efficient offshore structures [1–3].

The movement of sediments in the coastal zone is another important phenomenon in
marine and coastal engineering. Waves, currents, and tides can transport sediment along
the coast, leading to erosion and sediment deposition. The sediment transport process
can be affected by changes in the coastal morphology, such as the presence of offshore
structures and natural features such as sandbars and reefs, defining a complex coupled
system. Water-quality modeling involves the prediction of the transport of pollutants and
nutrients in the water column.

Climate change modeling addresses sea-level rises, changes in ocean temperature and
acidity, and the higher frequency and severity of storms that can have significant impacts
on coastal infrastructure.
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Overall, coupled problems in marine, ocean, and coastal engineering are complex and
multidisciplinary, and require sophisticated numerical approaches for their robust and
efficient modeling and simulation.

3. Fluid–Structure Interaction in Marine/Ocean Engineering

As already mentioned, the fluid–structure interaction is one of the most relevant
coupled problems in the field of ocean/coastal engineering. Fluid–structure interaction
problems are prevalent across many engineering disciplines such as coastal engineering [4],
the design of offshore structures for renewable energy [5,6], and marine engineering [7].

Almost all offshore structures experience FSI as a result of exposure to flows such
as winds, waves, and currents. In these applications, FSI studies may have one of two
opposing goals: finding designs/strategies to reduce or enhance flow-induced structural
motion. In recent decades, flow control and vibration-suppression have been suggested
and thoroughly explored to reduce the detrimental effects and extend the service life of
offshore structures. In contrast, a cutting-edge method for utilizing marine renewable
energy is energy harvesting from flow-induced vibration (FIV) [8].

In such applications, computational FSI methods face specific challenges in view of the
presence of typically violent fluid flows with large/abrupt hydrodynamic loads, and the
resulting large structural responses. In the case of wave loads, flows present free surfaces.

In general, it is very costly to perform experimental studies of these FSI problems as
they involve large domains and timespans, while the use of scaled physical modeling is
rather limited, as it is often next to impossible to ensure dynamic similarity. Fortunately,
advances in computing architecture and numerical schemes developed within the com-
putational fluid dynamics (CFD) and computational solid mechanics (CSM) communities
have enabled a more in-depth study of challenging problems involving FSI.

The numerical simulation of FSI is traditionally performed using mesh-based methods
such as the finite element method (FEM) or finite volume method (FVM), which are
enriched with numerical techniques, to consider the motion of the interfaces. Volume of
fluid (VOF) [9] and level-set (LS) [10,11] methods are commonly used to capture the position
of the free surface, while the immersed boundary method (IBM) [12] or the fictitious domain
method (FDM) [13] are appropriate when the solid moves and deforms. Addiotionally, the
boundary element method (BEM) has been used [14].

Spectral methods are numerical methods that represent the solution to a problem as a
sum of sinusoidal functions. They can be used to solve wave propagation problems and
are particularly useful for simulating long wave trains [15].

An alternative approach to mesh-based methods is the use of mesh-free/particle
methods [16]. Examples include smoothed particle hydrodynamics (SPH) and the particle
finite element method (PFEM). SPH have been used to model both fluid and solid media
in [17] and, more recently, modified approaches have been presented in [18–20]. This
was also coupled with FEM in several works [21–23]. Some researchers have coupled
this method with DEM, which was used to model a solid body [24,25]. PFEM [26] was
successfully applied to solve FSI problems involving free surface flows and elastic and
rigid obstacles [27–29]. More recent advances can be found in the simulation of FSI [30]
and free surface flows problems [31,32]. Some examples of the combination of the PFEM
and the discrete element method (DEM) for the propagation of a tsunami wave in a
hydraulic laboratory channel, its impact against a concrete wall and the breakage of the
solid structure [33,34]. PFEM was applied to coastal engineering problems in [35] and
bridges exposed to tsunami loads [36].

Despite the advances in the solution of the above-mentioned problems using mesh-
based or particle methods, there is an increasing interest in real-time simulations, which
can be facilitated by machine learning and other data-driven techniques.
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4. Machine Learning Capabilities

In the last decade, modern deep-learning approaches have gained importance in
various engineering applications. This is mainly due to their ability to extract features
from large amounts of data, which can be utilized to reduce the computational time
required for numerical (real-time) engineering simulations by developing surrogate or
accelerated models. For large and/or complex systems, traditional simulation techniques,
such as the finite element and finite volume methods, require intensive computations, as
mentioned above. Surrogate machine-learning-based models are simplified models that
are pre-trained to approximate the behavior of the original model. Deep learning models,
such as neural networks (NNs), can be used to create surrogate models that are capable of
accurately predicting the nonlinear behavior of the original systems while requiring far
less computational resources [37,38].

For example, in the field of coastal and marine engineering, the convolutional neural
networks (CNNs) can be used to predict wave run-up on coastal structures. Wave run-up
is the vertical distance that waves travel up a structure above still water level, and is an
important parameter to consider when designing coastal structures such as breakwaters and
seawalls. Traditional methods for predicting wave run-up involve solving coupled nonlinear
partial differential equations subject to boundary conditions according to the characteristics of
the structure [39]. This leads to computationally intensive and time-consuming simulations. In
recent years, the CNN-based surrogate models have been trained on large datasets of wave
and structure characteristics and corresponding wave run-up values [40]. The successfully
trained model can then be used to quickly predict wave run-up for new wave conditions
and structures. The computational efficiency of such models potentially opens a new
horizon for the optimization of coastal structure designs and improvements in coastal
hazard assessments.

In a more general case, NNs are attractive tools for wave forecasting; accurate NN-
based models have recently been developed and trained to forecast wave heights and
wave periods. These models provide a correlation between the wave characteristics and
various input parameters such as wind speed and direction, and ambient temperature.
Another application for deep learning approaches is the prediction of coastal erosion,
which is a major problem in coastal regions. Deep learning models can predict the rate
of erosion as a function of various input parameters, such as wave energy, sediment
transport, and sea level rise [41]. Moreover, deep learning techniques can be developed
and trained to accelerate the computational fluid dynamics (CFD) schemes; for example, by
(roughly) predicting the flow field variables based on the initial and boundary conditions
of the system.

Nonetheless, these are only a few marine and coastal engineering applications for deep
learning and, considering the promising initial results, the use of deep learning approaches
is expected to continue growing in the future.

5. Scope of the Present Special Issue

The current Special Issue will present novel strategies for the analysis of multi-floating
bodies, a data-driven approach (reduced-order modeling) to the fluid–structure interactions
of floating platforms and an innovative algorithm for virtual wave generation, among
others. We aim to show that there are still numerous ways of improving the existing
computational strategies to achieve robust and efficient simulations of coupled problems.

This Special Issue welcomes both works reporting advances in numerical methods rel-
evant to the above-mentioned areas of coupled CFD as well as simulations of real-life prob-
lems revealing important physical insights. The issue is not restricted to fluid–structure in-
teractions, but also aims to present advances in other coupled problems, such as free-surface
flows and liquid–gas (multiphase) problems. Innovative solution algorithms, including
data-driven approaches and HPC-oriented implementations, are particularly welcome.

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



J. Mar. Sci. Eng. 2023, 11, 978 4 of 5

References
1. Hughes, K.; Vignjevic, R.; Campbell, J.; De Vuyst, T.; Djordjevic, N.; Papagiannis, L. From aerospace to offshore: Bridging the

numerical simulation gaps–Simulation advancements for fluid structure interaction problems. Int. J. Impact Eng. 2013, 61, 48–63.
[CrossRef]

2. Tian, Z.; Liu, F.; Zhou, L.; Yuan, C. Fluid-structure interaction analysis of offshore structures based on separation of transferred
responses. Ocean. Eng. 2020, 195, 106598. [CrossRef]

3. Ryzhakov, P.B.; Oñate, E. A finite element model for fluid–structure interaction problems involving closed membranes, internal
and external fluids. Comput. Methods Appl. Mech. Eng. 2017, 326, 422–445. [CrossRef]

4. Danielsen, F.; Sørensen, M.K.; Olwig, M.F.; Selvam, V.; Parish, F.; Burgess, N.D.; Hiraishi, T.; Karunagaran, V.M.; Rasmussen, M.S.;
Hansen, L.B.; et al. The Asian Tsunami: A Protective Role for Coastal Vegetation. Science 2005, 310, 643.

5. Chella, M.A.; Tørum, A.; Myrhaug, D. An Overview of Wave Impact Forces on Offshore Wind Turbine Substructures. Energy
Procedia 2012, 20, 217–226.

6. Wang, M.; Avital, E.J.; Bai, X.; Ji, C.; Xu, D.; Williams, J.J.R.; Munjiza, A. Fluid–structure interaction of flexible submerged 22
vegetation stems and kinetic turbine blades. Comp. Part. Mech. 2020, 7, 839–848. [CrossRef]

7. Ming, F.; Zhang, A.; Cheng, H.; Sun, P. Numerical simulation of a damaged ship cabin flooding in transversal waves with
Smoothed Particle Hydrodynamics method. Ocean. Eng. 2018, 165, 336–352. . [CrossRef]

8. Tamimi, V.; Wu, J.; Naeeni, S.; Shahvaghar-Asl, S. Effects of dissimilar wakes on energy harvesting of Flow Induced Vibration
(FIV) based converters with circular oscillator. Appl. Energy 2021, 281, 116092. [CrossRef]

9. Hirt, C.W.; Nichols, B.D. Volume of fluid (VOF) method for the dynamics of free boundaries. J. Comput. Phys. 1981, 39, 201–225.
[CrossRef]

10. Sussman, M.; Fatemi, E.; Smereka, P.; Osher, S. An improved level set method for incompressible two-phase flows. Comput.
Fluids 1998, 27, 663–680. [CrossRef]

11. Osher, S.; Fedkiw, R.P. Level set methods: An overview and some recent results. J. Comput. Phys. 2001, 169, 463–502. [CrossRef]
12. Peskin, C.S. The immersed boundary method. Acta Numer. 2002, 11, 479–517. [CrossRef]
13. van Loon, R.; Anderson, P.; van de Vosse, F.; Sherwin, S. Comparison of various fluid–structure interaction methods for

deformable bodies. Comput. Struct. 2007, 85, 833–843. . [CrossRef]
14. van Opstal, T.; van Brummelen, E.; van Zwieten, G. A finite-element/boundary-element method for three-dimensional, large-

displacement fluid–structure-interaction. Comput. Methods Appl. Mech. Eng. 2015, 284, 637–663. . [CrossRef]
15. Kirezci, C.; Babanin, A.V.; Chalikov, D.V. Modelling rogue waves in 1D wave trains with the JONSWAP spectrum, by means of

the High Order Spectral Method and a fully nonlinear numerical model. Ocean. Eng. 2021, 231, 108715. [CrossRef]
16. Gotoh, H.; Khayyer, A.; Shimizu, Y. Entirely Lagrangian meshfree computational methods for hydroelastic fluid-structure

interactions in ocean engineering—Reliability, adaptivity and generality. Appl. Ocean. Res. 2021, 115, 102822. [CrossRef]
17. Antoci, C.; Gallati, M.; Sibilla, S. Numerical simulation of fluid–structure interaction by SPH. Comput. Struct. 2007, 85, 879–890.

[CrossRef]
18. Sun, P.N.; Le Touzé, D.; Oger, G.; Zhang, A.M. An accurate FSI-SPH modeling of challenging fluid-structure interaction problems

in two and three dimensions. Ocean. Eng. 2021, 221, 108552. . [CrossRef]
19. Hashemi, M.; Fatehi, R.; Manzari, M. A modified SPH method for simulating motion of rigid bodies in Newtonian fluid flows.

Int. J.-Non-Linear Mech. 2012, 47, 626–638. [CrossRef]
20. O’Connor, J.; Rogers, B.D. A fluid–structure interaction model for free-surface flows and flexible structures using smoothed

particle hydrodynamics on a GPU. J. Fluids Struct. 2021, 104, 103312. . [CrossRef]
21. Yang, Q.; Jones, V.; McCue, L. Free-surface flow interactions with deformable structures using an SPH–FEM model. Ocean. Eng.

2012, 55, 136–147. [CrossRef]
22. Fourey, G.; Hermange, C.; Le Touzé, D.; Oger, G. An efficient FSI coupling strategy between Smoothed Particle Hydrodynamics

and Finite Element methods. Comput. Phys. Commun. 2017, 217, 66–81. [CrossRef]
23. Hermange, C.; Oger, G.; Le Chenadec, Y.; Le Touzé, D. A 3D SPH–FE coupling for FSI problems and its application to tire

hydroplaning simulations on rough ground. Comput. Methods Appl. Mech. Eng. 2019, 355, 558–590. [CrossRef]
24. Tang, Y.; Jiang, Q.; Zhou, C. A Lagrangian-based SPH-DEM model for fluid–solid interaction with free surface flow in two

dimensions. Appl. Math. Model. 2018, 62, 436–460. [CrossRef]
25. Wu, K.; Yang, D.; Wright, N. A coupled SPH-DEM model for fluid-structure interaction problems with free-surface flow and

structural failure. Comput. Struct. 2016, 177, 141–161. . [CrossRef]
26. Oñate, E.; Idelsohn, S.; Del Pin, F.; Aubry, R. The Particle Finite Element Method: An overview. Int. J. Comput. Methods 2004,

1, 267–307. [CrossRef]
27. Idelsohn, S.; Marti, J.; Limache, A.; Oñate, E. Unified Lagrangian formulation for elastic solids and incompressible fluids.

Application to fluid-structure interaction problems via the PFEM. Comput. Methods Appl. Mech. Eng. 2008, 197, 1762–1776.
[CrossRef]

28. Idelsohn, S.; Marti, J.; Souto-Iglesias, A.; Oñate, E. Interaction between an elastic structure and free-surface flows: Experimental
versus numerical comparisons using the PFEM. Comput. Mech. 2008, 43, 125–132. [CrossRef]

29. Ryzhakov, P.; Rossi, R.; Vina, A.; Oñate, E. Modelling and simulation of the sea-landing of aerial vehicles using the Particle Finite
Element Method. Ocean. Eng. 2013, 66, 92–100. [CrossRef]

http://doi.org/10.1016/j.ijimpeng.2013.05.001
http://dx.doi.org/10.1016/j.oceaneng.2019.106598
http://dx.doi.org/10.1016/j.cma.2017.08.014
http://dx.doi.org/10.1007/s40571-019-00304-6
http://dx.doi.org/10.1016/j.oceaneng.2018.07.048
http://dx.doi.org/10.1016/j.apenergy.2020.116092
http://dx.doi.org/10.1016/0021-9991(81)90145-5
http://dx.doi.org/10.1016/S0045-7930(97)00053-4
http://dx.doi.org/10.1006/jcph.2000.6636
http://dx.doi.org/10.1017/S0962492902000077
http://dx.doi.org/10.1016/j.compstruc.2007.01.010
http://dx.doi.org/10.1016/j.cma.2014.09.037
http://dx.doi.org/10.1016/j.oceaneng.2021.108715
http://dx.doi.org/10.1016/j.apor.2021.102822
http://dx.doi.org/10.1016/j.compstruc.2007.01.002
http://dx.doi.org/10.1016/j.oceaneng.2020.108552
http://dx.doi.org/10.1016/j.ijnonlinmec.2011.10.007
http://dx.doi.org/10.1016/j.jfluidstructs.2021.103312
http://dx.doi.org/10.1016/j.oceaneng.2012.06.031
http://dx.doi.org/10.1016/j.cpc.2017.04.005
http://dx.doi.org/10.1016/j.cma.2019.06.033
http://dx.doi.org/10.1016/j.apm.2018.06.013
http://dx.doi.org/10.1016/j.compstruc.2016.08.012
http://dx.doi.org/10.1142/S0219876204000204
http://dx.doi.org/10.1016/j.cma.2007.06.004
http://dx.doi.org/10.1007/s00466-008-0245-7
http://dx.doi.org/10.1016/j.oceaneng.2013.03.015


J. Mar. Sci. Eng. 2023, 11, 978 5 of 5

30. Ryzhakov, P.; Marti, J.; Idelsohn, S.; Oñate, E. Fast fluid–structure interaction simulations using a displacement-based finite
element model equipped with an explicit streamline integration prediction. Comput. Methods Appl. Mech. Eng. 2017, 315,
1080–1097. [CrossRef]

31. Marti, J.; Ryzhakov, P. An explicit–implicit finite element model for the numerical solution of incompressible Navier–Stokes
equations on moving grids. Comput. Methods Appl. Mech. Eng. 2019, 350, 750–765. [CrossRef]

32. Marti, J.; Ryzhakov, P. Improving accuracy of the moving grid particle finite element method via a scheme based on Strang
splitting. Comput. Methods Appl. Mech. Eng. 2020, 369, 113212. [CrossRef]

33. Oñate, E.; Idelsohn, S.R.; Celigueta, M.A.; Rossi, R. Advances in the particle finite element method for the analysis of
fluid–multibody interaction and bed erosion in free surface flows. Comput. Methods Appl. Mech. Eng. 2008, 197, 1777–1800. .
[CrossRef]

34. Oñate, E.; Cornejo, A.; Zárate, F.; Kashiyama, K.; Franci, A. Combination of the finite element method and particle-based methods
for predicting the failure of reinforced concrete structures under extreme water forces. Eng. Struct. 2022, 251, 113510. . [CrossRef]

35. Oñate, E.; Celigueta, M.A.; Idelsohn, S.R.; Salazar, F.; Suárez, B. Possibilities of the particle finite element method for fluid–soil–
structure interaction problems. Comput. Mech. 2011, 48, 307–318. [CrossRef]

36. Zhu, M.; Elkhetali, I.; Scott, M.H. Validation of OpenSees for tsunami loading on bridge superstructures. J. Bridge Eng. 2018,
23, 04018015. [CrossRef]

37. Juan, N.P.; Valdecantos, V.N. Review of the application of Artificial Neural Networks in ocean engineering. Ocean. Eng. 2022,
259, 111947. [CrossRef]

38. Yu, C.; Bi, X.; Fan, Y. Deep learning for fluid velocity field estimation: A review. Ocean. Eng. 2023, 271, 113693. [CrossRef]
39. Ryzhakov, P.; Hermosilla, F.; Ubach, P.A.; Onate, E. Adaptive breakwaters with inflatable elements for coastal protection.

Preliminary numerical estimation of their performance. Ocean. Eng. 2022, 251, 110818. [CrossRef]
40. Rehman, K.; Khan, H.; Cho, Y.S.; Hong, S.H. Incident wave run-up prediction using the response surface methodology and

neural networks. Stoch. Environ. Res. Risk Assess. 2022, 36, 17–32. [CrossRef]
41. Kim, T.; Lee, W.D. Review on applications of machine learning in coastal and ocean engineering. J. Ocean. Eng. Technol. 2022,

36, 194–210. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1016/j.cma.2016.12.003
http://dx.doi.org/10.1016/j.cma.2019.03.007
http://dx.doi.org/10.1016/j.cma.2020.113212
http://dx.doi.org/10.1016/j.cma.2007.06.005
http://dx.doi.org/10.1016/j.engstruct.2021.113510
http://dx.doi.org/10.1007/s00466-011-0617-2
http://dx.doi.org/10.1061/(ASCE)BE.1943-5592.0001221
http://dx.doi.org/10.1016/j.oceaneng.2022.111947
http://dx.doi.org/10.1016/j.oceaneng.2023.113693
http://dx.doi.org/10.1016/j.oceaneng.2022.110818
http://dx.doi.org/10.1007/s00477-021-02076-z
http://dx.doi.org/10.26748/KSOE.2022.007

	Modeling of Coupled CFD Problems: Modern Challenges 
	Major Coupled Problems in Marine/Ocean Engineering
	Fluid–Structure Interaction in Marine/Ocean Engineering 
	Machine Learning Capabilities 
	Scope of the Present Special Issue
	References

