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Abstract.  The hydrodynamic variations around floating structures in the naval ship applications are crucial 
to study its stability and hull optimization. The choice of the hull shape is capital to reduce the dispenses 
associated with energy. We address one-way fluid–structure interaction for a rigid (fixed) hull under a fluid 
dynamics model. Structural dynamics are not solved. The developed model is based on the coupling 
between Reynolds Averaged Navier-Stokes (RANS) equations and a k ε−  turbulence model. This model 
extends naturally several models available in the literature including classical RANS models (steady and 
unsteady) and several RANS based models that neglect the turbulence phenomena (including transport and 
diffusion). The coupled RANS-based model is implemented numerically using finite element methods. We 
have chosen a two-dimensional ship hull 2D model to show how modelling can address turbulent flows 
around fixed structure. The numerical results obtained are encouraging and can allow us to study their 
optimization for the preliminary phase with a certain precision. 
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1. Introduction 

 
The accurate modelling of turbulent flows around submerged structures remains an intriguing 

challenge. The modeling of turbulent flows around submerged structures is often presented in the 
form of nonlinear partial differential equations, which precludes the possibility of analytical 
resolution. A plethora of mathematical models for the resolution of fluid-structure interaction 
problems can be found in the literature. These models frequently employ Reynolds-Averaged 
Navier-Stokes (RANS) equations. Mathematical models of the motion of a turbulent flow around a 
ship hull section have been developed by Pichot (2007), while Marichal (2003) has studied the 
same phenomenon occurring around a trawl pocket. Some of these models utilize the 
Reynolds-Averaged Navier-Stokes (RANS) model Ghadini et al. (2017), Yari et al. (2015). This 
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model is constituted by a set of equations that describe the motion of steady or unsteady flows. In 
cases where the flow is rapid or accelerated, a turbulence model is frequently required. The 
classical RANS equations, when combined with turbulence equations, are often inadequate for 
accurately describing turbulent flows that exhibit strong gradients in kinetic energy.    

Numerous numerical methods have been developed and employed to solve these models. For 
example, we may cite the work of Hou et al. (2012), Richter (2017), Thai (2023), Abouzar (2023), 
Saha and Haldar (2024). The fluid is typically solved using the mixed finite element method 
proposed by Brezzi and Fortin (1991). The structure, which is frequently a plate or a shell, is 
approximated by finite elements of shell-type. The numerical coupling between the fluid and the 
structure necessitates the employment of specific algorithms, as elucidated by Teixeira and Awruch 
(2005) and Wall et al. (2022). The implementation of this algorithm is challenging and has been 
extensively documented in the literature. The interaction between container ships and freak waves 
in beam seas has been examined by Jiaqian (2023) to demonstrate the impact of freak waves on 
ships. Hwang (2021) presented a direct simulation of turbulent flows over a bump in an open 
channel. This was done to examine the turbulence characteristics near divergent waves emanating 
from the bump and to investigate the interaction of turbulence with the divergent waves. The 
boundary element method (BEM) may also be employed to evaluate the performance of floating 
structures in waves, as demonstrated by Maarten and Wellens (2022). It should be noted that the 
BEM is based on potential flow and has panels along all boundaries of the fluid domain, not only 
along all boundaries of the floater, in order to make the extension to second order feasible.  In 
Hao (2022), a full-form optimization method based on full parameter modeling is developed. It has 
been demonstrated that this optimization method is well-suited to the automation of the hull form 
design process. The aforementioned numerical methods are not effective when computing the 
turbulent flow structure around complex submerged structures in realistic environments and on 
general meshes (locally refined). Subsequently, the convergence criteria for the solutions vary 
according to the type of mesh employed. The study of turbulence flow around the ship hull can 
facilitate the optimization of all its main dimensions with precision (Abouzar 2023). The 
hydrodynamic interaction between two or more ships in calm waters has been the subject of study 
by Muscat-Fenech (2022). In calm waters, the effects of waves and turbulence are not considered. 
In realistic environments, these effects are not to be discounted. The ship response to 
hydrodynamic loading has been the subject of study by Le Sourne (2001) and Rudan (2019). 
While it is possible to obtain a ship response under certain hydrodynamic conditions, this is not the 
objective of the present work. A simplified fluid-structure interaction model for the assessment of 
ship hard grounding has been proposed by Kim et al. (2022). The aforementioned models are not 
well-suited for analysis in turbulent flows, including those with significant kinetic energy gradients 
due to interactions between kinetic energy gradient.  

In this study, a numerical investigation is conducted to examine the turbulence characteristics 
surrounding a ship's hull section profile with the objective of enhancing their design. It is assumed 
that these structures remain fixed, and that the deformations of the structure due to water forces are 
not considered (these are the main assumptions). The account for the deformation of the ship hull 
can be performed in framework of Ngatcha et al’s Generalized Formulations (see the famous 
works Ngatcha et al. (2024, 2025), Ngatcha et al. (2022, 2024c, 2025) and Mbangue et al. (2024)). 
The first objective of the study was to examine the behavior of turbulent flow around a ship hull 
section using a RANS-based model. Ultimately, this work will facilitate the enhancement of 
submerged design. We are convinced that the findings of this study will be of great help in 
designing of a range of ship hull shape profiles.  
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The rest of the paper is presented in the following manner. Section 2 is dedicated to presenting 
the model. Here basis equations and assumptions used in the model are exposed. Section 3 
presents the results of numerical tests conducted to evaluate the efficacy of the proposed model. 

 
 

2. The Mathematical Modeling 
 

2.1 Basis equations 
 
The fluid problem uses the general model of the (mass and momentum) equations of fluid 

dynamics formulated in terms of velocity/pressure. The fluid is assumed to be incompressible, 
non-viscous and turbulent. The state of the fluid is in conditions described by the scalar variable 
pressure. Such a phenomenon is addressed by the continuity equation and the conservation of 
momentum equation (see Ngatcha (2024a)) 
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where t  is the time, , 1,2,3  ix i =  are the 3D coordinates of the flow iu ,  1,2,3i =  are the 3D 
mixing velocity components, ρ  is the mixing density and p  is the pressure term.  The vector

iS   is the source term (including hydrodynamic force source term as showed in section 4 below).   
In that what follows we will use the following notation:  
( ) ( ) ( )1 2 3, , , , ,xx x x x y z z X= = = and ( ) ( ) ( )1 2 3, , , , ,uu u u u v w w U= = = .   

Here the mixing water/air density depends on volume fraction of air and of water 𝛼௞ (where 
the subscripts “𝑘 = 𝑓, 𝑎” denote the fluid (𝑓) and the air (𝑎) respectively) with 1k

k
α = . When  𝛼 = 0  nonwetting phase (air) is considered, when ]0,1[α ∈  two interface (free surface) is 

considered, when 1α = , wetting phase (water) is considered. Then, we have 

k k
k

ρ α ρ=                             (2) 

where 𝜌௞ is density of phase k .    
In compact form the momentum equation in (1) reads 

. ( )U U U p S
t

ρ ρ∂ + ∇ ⊗ + ∇ =
∂

                     (3) 
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2.2 Reynolds averaged navier-stokes equations 
 
We decompose the velocity field as follows: iiiu u u= + ′ , where iu  is the Reynolds averaged 

velocity and iu′  is its fluctuating part.   
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By applying the Reynolds averaged procedure of (1) using the velocity decomposition above 
we find 
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where the term ( )' i j
j

u u
x

ρ∂ ′ ′
∂

 is reformulated as a diffusion term. All these equations can be 

reduced to the form 

. ( ) .( ' ')U p U S
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φ
φ

ρφ ρ φ φ ρ φ∂ + ∇ + ∇ = ∇ Γ ∇ − ⊗ +
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                 (5) 

Here, 𝜙  can take the value of any scalar. When this scalar is the velocity,  𝑈 the new 
momentum equations read 

*. ( ) .( ' ')U U U p U U U S
t φ

ρ ρ ρ∂ + ∇ ⊗ + ∇ = ∇ Γ ∇ − ⊗ +
∂

             (6) 

Where ' 'U Uρ ⊗  is the Reynolds stress and where 𝑝∗  is the dynamic pressure term 

accounting the turbulence, φΓ  is a diffusion coefficient.  The Reynolds stress ' 'U Uρ ⊗  are 
the terms due to fluctuation velocities and represent the effect of convective transport due to 
turbulent velocity fluctuation.  

The gradient operator reads , ,
T

x y z
 ∂ ∂ ∂∇ =  ∂ ∂ ∂ 

and the divergence operator is 
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1 2 3

.()
x x x
∂ ∂ ∂∇ = + +

∂ ∂ ∂
 

 
2.3 Boussinesq assumptions 
 
The assumption of dynamic turbulent viscosity introduced by Boussinesq in 1877 assumes that 

the Reynolds tensors ( )i ju u′ ′  can be related to the mean velocity and turbulent viscosity gradients 
in a manner analogous to that relates the stress and strain tensors of deformations of a Newtonian 
fluid. According to Boussinesq assumption, we approximate the fluctuation terms due to 
turbulence as follows 
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3 3 2

  ji i
i j t t ij ij i j

j i i

uu uu u k k u u
x x x

ρ μ μ δ ρ δ
 ∂∂ ∂′ ′ ′ ′− = + − =  ∂ ∂

−
∂ 

             (7) 

where k roller kinetic energy , 𝜇௧ is the turbulent viscosity that must be modeled (it is often 
desired that it be positive). The breaking of a wave creates turbulent energy in the form of rollers, 
which dissipate around the ship. The roller can be well represented by the term given by (6). This 
energy is not conserved over time. The evolution of the roller turbulent energy is presented below. 
The dynamic pressure term is given by 

* 2
3

p p kI= +                               (8) 

where p  is the averaged pressure. However, the static pressure is simulated.   
We also define the turbulent diffusivity which assumes that the Reynolds fluxes of a scalar 𝜙 

are linearly proportional to the mean gradients of this scalar.  

' ' ' ,tUρ φ φ− = Γ ∇                             (9) 

where tΓ is the turbulent diffusivity ,t
t

tPr
μΓ =  tPr  the turbulent Prandtl and  tμ  the turbulent 

viscosity. We model incompressible, turbulent flow with an effective viscosity
,

t

k
eff

ε

μμ μ
σ

= + , where 𝜇 is molecular viscosity and 𝜇௧ is from the k-ε model and ,k εσ is a coefficient (see below). In 
the 𝑘 − 𝜀 model, we calculate 𝜇௧ as follows 

2

t
kCμμ ρ
ε

=                              (10) 

with k and ε respectively the kinetic energy and its rate of dissipation given by Wilcox (2006, 
2008) 
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and 
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1 2
. ( ) .[( ) ] ( ).t

g k gU C P C
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μρε ερ ε μ ε ρε
σ

∂ + ∇ = ∇ + ∇ + −
∂

             (12) 

The term kP  in Eqs. (10) and (11) is the production of turbulence due to the velocity gradients, 
given by Wilcox (2006) 

( )2 1, 2 ,
2

    ij ij ij i j j ik tP S S S S S u uμ = = ∂ ∂= +                 (13) 

The classical turbulence model given by (10)-(11) incorporates five closure coefficients, which 
are determined by replacing indeterminate double and triple correlations with algebraic 
expressions that involve the properties of the mean flow and turbulence. As the flow is confined, 
we propose the following values for these coefficients, as suggested by Wilcox (2006) 

1 2
1.44; 1.92; 0.09; 1; 1.3.g g kc c cμ εσ σ= = = = =                 (14) 

 
Wall law 

In this work, we use the wall law based on the model of Launder and Spalding (1967). This 
wall law assumes equilibrium between molecular and turbulent phenomena. The production of 
kinetic energy is maximal, as is the dissipation due to molecular effects. This law can be expressed 
as follows: 

* *1 ln( )U Ey
κ

=                           (15) 

where  ( ) ( )1/21/4
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where 0.42κ = is the Von Karman constant the distance to the wall from the first fluid cellular pk
the turbulent kinetic energy to the first fluid cellular, 9.8E =  accounting the rugosity of the wall. 
The hull of the ship is the main source of vorticity and turbulence creation.  In regions very close 
to it, viscosity reduces fluctuations in the tangential velocity component, while turbulence 
increases rapidly due to the production of kinetic energy caused by significant velocity gradient 
averages in the outer part of the near-wall region. Accurate modelling of turbulence in these areas 
will improve the accuracy of numerical solutions. 

The final model reads 
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The system (15) is associated with its boundary (of type Neumann) and initial conditions.  
Positive schemes (16) are required in terms of convergence and accuracy of the solution. Here, 

finite element method is used to achieve it.    
 
 

3. Numerical tests 
 
This section presents a series of simulations designed to illustrate the behavior of turbulent 

flows around a ship hull section. For the sake of simplicity, both tests are performed using the 
finite element method the developed model in a two-dimensional context. In this section, we 
perform the model, which is a two-dimensional version of the system (21) previously developed. 
In particular, we demonstrate the impact of varying section profiles on the modification of the flow 
direction. The shape of the hull introduces uncertainty into the flow field around the forward 
sections of both structures. It is evident that the formation of a vortex represents a challenging 
phenomenon from a numerical standpoint. In order to analyse the flow behaviour, it is often 
necessary to use an important criterion that is directly related to the flow characteristics.   

A general triangular mesh is employed. The mesh is locally refined, with coarse meshes at the 
boundaries of the fluid domain and a very fine grid near the hull section. Both sections have been 
refined to the fluid domain as a whole in order to accurately capture the gradients of the flow field 
characteristics and strain rate, which vary significantly. The results on fine meshes are more 
interesting than those on coarse grids because fine meshes can capture small disturbances 
generated near the ship hull.  

For all the tests, the time of simulation is t=100s and the maximum of iterations is 80. The 
residual tolerance is the order of 810− . Here, the fluid is water (free surface movement) and the 3D 
structure is the ship (see Fig. 1). The ship is reduced to its hull represented by a 2D surface 
(contour) possessing a hydrodynamic profile (see Fig.1 below). The domain of simulation is 
discretized with 4400 triangular cells. Near the ship hull, we reduced the mesh-size (of 80%) and 
increased the number of cells. It was observed that all the results converge even when the size of 
elements tends to zero.   

At the entrance to the 2D domain, the Dirichlet conditions 2 2 2 30.01 / , 0.1 /k m s m sε= =  
( ,0) (4 / ,0)u du m s= =  are imposed; on the lateral boundaries 𝜞௟, the Dirichlet conditions  

 
 

 
Fig. 1 Geometric of the ship.𝜞௟ is lateral bound, 𝜞௟ is the input bound, 𝜞௦ is the output bound, 𝜞௖ is 
the Hull of the ship 
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Fig. 2 Locally refined meshes of a ship hull section using 2D Taylor-Hood finite element 1 2/P P  according
to Fig. 1. The ship hull is centered in a fluid domain and the coordinates of the hull are: node 1 (689:245;
405:843), node 2 (689:245; 789:928), node 3, (1752:00; 789:928), node 4 (175,:00; 405,843) 
 
 

 

Fig. 3 Computational solution obtained by FEM during 80 iterations. Mass ρ , horizontal velocities (u 
and v) and kinetic energy and dissipation

 
 

(0,0)u =  and 2 2 2 30 / , 0 /k m s m sε= =  are imposed, and similarly the natural null condition will 
be imposed at the exit 𝜞௦ i.e. 

* ( ( ) ). ( ). 0
2

u un n
t

p Iσ ν ∇ + ∇= + =  at z η=              (17) 

The Eq. (16) is also called dynamic boundary condition at the free surface, where is the Cauchy 
stress tensor and 𝒏 the unit normal vector at the free surface.   

In regard to the remaining variables, the solution obtained on the subsequent coarser grid was 
utilized as the initial condition. This approach enables the optimal convergence to be achieved. An  
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Fig. 4 Contour of Static pressure (Pa). The maximum pressure is max 90.5p Pa=  

 
 
alternative approach is to utilise a full flow velocity without generating turbulence or 

acceleration. This methodology has also been employed in the present study. The time step is 
initially selected to be relatively large and then reduced to a more modest value at the conclusion 
of the process. During the iterations, the non-linear boundary free surface dynamics equation, as 
outlined in (16), is applied. The mesh is composed of a Taylor-Hood configuration, which 
encompasses the ship hull, which is considered the primary obstacle, and the associated force (as 
source term). 

* ( ).
2

u un
structure structure

t

F ds p I dsσ
Γ Γ

  ∇ + ∇= = +     
                    (18) 

where the structure is the ship hull or trawl pocket.         
We take the flow viscosity as 0.003ν =  and where we apply the condition of adhesion (or 

condition of non-penetration of water in the ship hull) 𝒖.n =  0. 
During the iterations, the boundary conditions are applied. A convergence has been achieved and 
the solution for both tests have been calculated and displayed.   

The domain of simulation is rectangular and is discretized following Fig. (1). 
The results of simulation using finite element methods are plotted in Figs (5)-(10). Here, the 

turbulent flow behavior of the fluid around the hull ship is showed in our result. A particular 
attention is paid on the shape of the ship hull.   

Fig. (3) illustrates the evolution of the fluid flow characteristic during several iterations to 
achieve convergence to a stable and steady solution. The flow variables initially exhibit instability 
in the initial iterations, subsequently attaining stability and constancy after 20 iterations. In these 
solicited zones, turbulence and velocity exhibit analogous behavior. The velocity declines over 
time, ultimately reaching zero.  

It is observed that all the unknown variables converge to the steady-state solution at a faster 
rate after a few iterations. It is not necessary to satisfy a convergence criterion for outer iterations, 
as the solution obtained (a steady-state solution) is not improved.   

A detailed examination of Fig. 4 reveals that pressure becomes a significant factor in 
low-velocity zones, whereas it is relatively insignificant in areas where velocities are highest.   
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Fig. 5 Contour of the velocity magnitude (m/s)

 
 

 
Fig. 6 Contours of Turbulent kinetic energy (TKE). The maximum value of TKE is kmax = 5.82 m2/s2

 
 
This phenomenon can be explained by the underlying fluid mechanics equations. Indeed, when 

the effects of turbulence are disregarded, the momentum conservation equations yield the 
following result 

(19) 
 

From the analysis of Navier-Stokes equations, it can be concluded that pressure gradients 
increase when advection is of low intensity. This is clearly demonstrated in Fig. 6, which 
illustrates that the proposed scheme and model are both robust and accurate. At the leading edge of 
the vessel (Fig. 6), velocity decreases and pressure increases. The pressure gradient exerts a 
significant influence on the hydrodynamics of the flow, particularly in relation to the shape of the 
hull. 

. ( )u u up F
t

ρ ρ∂∇ = − − ∇ ⊗ +
∂
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Fig. 7 Static pressure curves

 
 

 
Fig. 8 Turbulence kinetic energy

 
 
Fig. (5) shows the variation of the velocity fields around the ship. We can see the zones of high 

and small velocities of the flow correspond to zone of small and high pressure respectively.  
Indeed we have from the Eqs. (1) and (18) 

* ' '. ( ) .( )u u u u u utp F
t

ρ ρ ρ∂ + ∇ ⊗ = −∇ + ∇ Γ ∇ − ⊗ +
∂

                (20) 

The presence of the ship modifies the wave propagation and in some regions arise strong 
instabilities and different variations (accelerations and decelerations). Such studies are important 
to make a preliminaries design to know with which ship profile can reduce considerably the energy 
dispenses.  

Fig. 6 illustrates the behavior of the flow around the ship during the turbulence. It is anticipated 
that the region of elevated and dispersed turbulence concentrations will be observed. It is notable 
that the turbulence zones are essentially analogous to those of velocity. This is a logical 
consequence of turbulence being a function of the square of velocity. This phenomenon is readily 
discernible in natural settings, as evidenced by the ship's movement through a turbulent flow. Such 
outcomes, where pronounced kinetic energy gradients are taken into account, are of interest for 
enhancing the prediction of the ship's propeller resistance.     
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Fig. 7 illustrates the distribution of the static pressure field in the plane surrounding the 
structure. It can be observed that the pressure is at its maximum at the entrance. The resistance to 
the flow of water entering the ship at a velocity is greatest at the front of the vessel, where the flow 
velocity is lowest. Consequently, the pressure is minimal at this point. 

Fig. 8. shows that the kinetic energy is more intense at the position y = - 5 m with a value of 
order 2.2 m2 /s2 decreases to achieve a value of order 1 m2 / s2 at the position y = 5 m. We see a 
slight difference at the position around of y = 2 m and y = 3 m at the bottom and top surface. The 
results account for the strong interaction between kinetic energy as mentioned above.   

 
 
General remark 

 
This is clearly demonstrated in the papers referenced in the introduction to this paper. It is 

reasonable to posit that the shape of the hull may influence the hydrodynamic variables of the fluid 
(specifically, velocities, kinetic energy, and pressure) and, in turn, affect the stresses associated 
with ship motion. It would be beneficial to consider the potential for integrating the dynamic 
behavior of the hull into future investigations. The motion of a ship on water gives rise to 
turbulence, which is more significant at lower or faster ship speeds. The development of 
turbulence is contingent upon the shape of the two-dimensional section and the prevailing 
hydrodynamic conditions. 

 
 

4. Conclusion 
 

In this paper, we propose a mathematical model of a fluid-structure interaction problem that is 
capable of describing the motion of turbulent water around a floating structure (including a ship).  
The model is solved using a finite element method to study the flow behaviour around a 2D hull 
ship. The study was analysed the flow field characteristic variations around a ship hull section and 
was investigated the kinetic energy distribution based on the presented system (21). The study will 
allow the preliminary design of a hull to improve the performance and stability of the vessel 
during the design project. The model will be used to study the optimisation of the hull profile in 
order to improve the stability of the ships present in the coastal zones of Cameroon.  The 
proposed fluid-structure equations with fixed structure can be easily extended to more general case 
studies (ship stability, hull optimisation, etc.) and this is a further investigation. The 3D flow 
behaviour around a ship with a 3D hull can easily be considered, which is of particular interest for 
naval applications.   

The validation results confirm the reliability of the model, which meets the engineering 
requirements for simulating the flow field characteristics of a ship hull section. The research 
demonstrates the complexity of turbulent flow around a hull section.  

 
 

Future works 
 

The results presented here are only valid when the ship is not deformed by hydrodynamic 
forces. Future work will include the deformation of the ship as a result of these forces and this 
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would be a significant addition to the existing work in the literature. Instabilities of the ship in 
shallow water can also be studied within the framework of Ngatcha (2024a). Shallow water has 
been shown to affect speed and trim by Carl (1967). The consideration of particles in the water can 
affect the stability of the ship. A more general model including sediment or other particles can be 
developed within the framework of Ngatcha et al. (2024), Ngatcha (2024b). Finite volume 
methods can also be used to solve this problem.  
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