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Abstract. This work focuses on the hydrodynamic investigation of a RoRo cargo
ship through full-scale RANS (Reynolds-Averaged Navier-Stokes) simulations in
calm water conditions. Conducted as part of the EU-funded Retrofit55 project, the
study aims to validate the bow optimization process based on a multi-fidelity surro-
gate model that integrates high-fidelity and low-fidelity potential flow solver solu-
tions to reduce total drag. The open-source finite-volume CFD library OpenFOAM
is used to perform the RANS simulations on both the original and optimized shape.
This paper highlights the synergy of combining the computational efficiency of po-
tential flow methods with the high-fidelity accuracy of full-scale RANS simula-
tions. This approach provides both efficient optimization and reliable performance
verification, paving the way for broader applications in ship design and energy ef-
ficiency improvements.
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1. Introduction

Full-scale modelling is crucial to ensure that results accurately reflect real-world per-
formance and has become increasingly important in ship design, addressing the limi-
tations of traditional model-scale testing. While model-scale simulations allow for val-
idation against experimental tests, they introduce scaling discrepancies, particularly in
frictional resistance due to differences in Reynolds numbers. These discrepancies often
require empirical extrapolation methods, such as those of the International Towing Tank
Conference (ITTC), which may lead to inaccuracies in predicting ship performance [1].
By conducting CFD simulations directly at full scale, scaling issues are eliminated, en-
abling more accurate assessments of resistance, flow behavior, and overall hydrodynamic
performance [2].

In this context, this paper presents a full-scale RANS simulation of a RoRo cargo
ship as validation for the bow retrofitting optimization conducted using a multi-fidelity
surrogate model. This model integrates high-fidelity and low-fidelity potential flow
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solver solutions to minimize total resistance. Although full-scale modeling poses sig-
nificant challenges due to its inherent complexity and high computational requirements,
full-scale RANS simulations provide a more detailed and realistic representation of the
flow field. Additionally, they serve as a robust validation method for the optimization
performed using the potential flow model. Here, RANS simulations are carried out using
the incompressible multiphase solver interFoam, implemented within the open-source
finite-volume CFD library OpenFOAM, a widely referenced software in the literature
[3,4,5]. The interFoam solver numerically solves the Navier-Stokes equations and em-
ploys the volume-of-fluid (VOF) method to capture the free surface evolution. Since the
optimization focuses on the bulbous bow, including the free surface ensures a realistic
representation of flow dynamics and validates the optimization results under real oper-
ating conditions. This paper is part of the Horizon Europe RETROFITS55 project, which
aims to contribute to the 55% GHG reduction target by 2030. The urgency of this goal
has led the maritime industry to prioritize retrofitting existing vessels with optimized
components to improve fuel efficiency [6,7].

The paper is structured as follows. Section 2 provides a brief description of the bow
optimization performed using the potential model. Section 3 first presents the numerical
setup used for the full-scale RANS simulations, followed by the results obtained. Finally,
conclusions are discussed in Section 4.

2. Multi-fidelity bow optimization

As mentioned in the section 1, the RANS simulations presented in this paper aim to verify
the effectiveness of the multi-fidelity bow optimization by assessing the hydrodynamic
performance of the resulting geometry. The primary objective of this optimization was
to minimize the total resistance in calm waters for the RoRo cargo ship shown in Figure
1. The vessel has a length between perpendiculars (Lpp) of 190 meters and an overall
length (LOA) of 200 meters. It has a breadth of 26.5 meters and a scantling draft of
7.5 meters, with a maximum displacement of 23,071 tonnes. The longitudinal center
of gravity (XCG) is located 81.51 meters from the aft perpendicular, while the vertical
center of gravity (ZCG) is positioned 12.92 meters above the keel. These parameters are
essential to ensure that modifications to the bow do not negatively affect the vessel’s trim
and stability.

< L

Figure 1. Geometry representation of the RoRo cargo ship.
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Figure 2. Bow parameterization via FFD. The black dots represent the basic FFD lattice, while those high-
lighted with an external blue circle are the control points with assigned degrees of freedom, defining the design
variables.

The optimization was carried out at a nominal speed of 18.2 knots, focusing on re-
ducing wave-making and frictional resistance while refining the hull shape within spec-
ified geometric constraints. The process was carefully designed to achieve feasible im-
provements without compromising the vessel’s structural integrity or stability. Addition-
ally, several geometric and practical constraints were imposed to ensure that the opti-
mized design remained within the limits of shipyard modifications.

2.1. Optimization Problem Formulation

The bow shape was modified using a Free-Form Deformation (FFD) [8] approach, where
the geometry was adjusted via an 11 4 4 lattice of control points. Among these, 8
control points were actively used to introduce shape variations, resulting in a total of 20
design variables (see Fig. 2). To reduce the dimensionality of the design space by 75%, a
Parametric Model Embedding (PME) technique [9] was employed, reducing the number
of design variables to 5. This ensured computational efficiency while preserving signif-
icant shape variations. By minimizing the number of design variables, the optimization
process was accelerated, leading to reduced computational costs without compromising
accuracy.

A multi-fidelity surrogate-based optimization method [10] was used, leveraging
stochastic radial basis functions. This approach combined high-fidelity and low-fidelity
potential flow solver solutions to optimize the bow shape iteratively. Specifically, the low-
fidelity level involved even keel (0-DoF) computations, whereas the high-fidelity level
incorporated the rigid-body equation of motions with 2-DoF, allowing dynamic identi-
fication of sinkage and trim. Potential flow simulations were performed using the Wave
Resistance Program (WARP) [11], a linear potential flow tool developed at CNR-INM
for efficient wave resistance estimation. The WARP solver uses Dawson’s linearization
and pressure integration methods to estimate wave resistance. To enhance the accuracy
of total resistance prediction, a viscous correction based on the flat plate approximation
and local Reynolds number is applied, complementing the inviscid formulation with an
estimate of skin friction drag. The computational grid for these simulations, shown in
Fig. 3, consisted of 200 40 nodes for the hull surface and 112 45 nodes for the free
surface, totaling approximately 13,000 nodes.

Finally, the optimization process incorporated active learning techniques [12,13]
with dynamic lower confidence bounding [14] to accelerate convergence. Additionally,
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Figure 3. Panel grid used by WARP for the hull (left) and the free surface (right).

a deterministic particle swarm optimization approach [15] was used to refine the final
design. The surrogate modeling methodology enabled efficient exploration of the design
space, balancing accuracy and computational efficiency by dynamically allocating com-
putational resources to the most promising design candidates.

2.2. Optimization results

The optimization process successfully converged with 30 high-fidelity and 413 low-
fidelity samples, as displayed in Fig. 4. The optimized bow design achieved a 1.7% re-
duction in total resistance compared to the basic hull. This improvement led to an in-
crease in width and a raised profile relative to the original bow configuration, as illus-
trated in Fig. 5. The figure also provides a comparison in terms of pressure and wave
elevation between the final optimized solution and the original geometry.

3. Full-scale RANS validation

Full-scale RANS simulations were performed on both the original and optimized hull
to verify the previous bow optimization. Potential flow solvers provide quick estimates
of wave resistance, making them suitable for early-stage design evaluations and particu-
larly useful in optimization processes requiring numerous simulations. However, RANS
solvers offer a more detailed representation of viscous effects and turbulence, making
them essential for high-fidelity validation.

3.1. Numerical setup

The RANS simulations were conducted under nominal draft conditions and a nominal
velocity of 18.2 knots. Since trim and sinkage motions were found to be limited in the po-
tential flow analysis, it was assumed that the hull operated at an even keel. Furthermore,
the free surface was included in the analysis, which is a critical aspect of the study. As
the objective of the optimization is the bulbous bow, it is essential to accurately capture
its interaction with the free surface and the effects this has on wave generation and over-
all hydrodynamic performance. The inclusion of the free surface ensures a realistic rep-
resentation of the flow dynamics around the bow and validates the optimization results
under real operating conditions. The incompressible, multiphase, pressure-based solver
interFoam was used, which numerically solves the Navier-Stokes equations for the fluid,
considered here as incompressible, using the finite volume technique. Furthermore, the
applied solver adopts the fluid volume interface (VOF) capture method to define the evo-
lution of the completely nonlinear free surface. Finally, the k-w SST turbulence model
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Figure 4. Optimization process convergence. The top plot shows the evolution of total resistance and its vari-
ation with respect to the normalized computational cost (NCC), highlighting convergence to the true optimum.
The middle plot illustrates the decreasing uncertainty on the predicted optimum, validating the robustness of
the result. The bottom plot tracks the stabilization of the five reduced design variables, confirming the stability
of the optimized design within the reduced space.
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Figure 5. Comparison of optimized and original designs: geometry, bow pressure distribution, and local wave
elevation.

was adopted, as it is widely recognized and extensively validated for such applications
[16].

The grid was constructed using a combination of the blockMesh, refineMesh, and
snappyHexMesh utilities available in the OpenFOAM library. The blockMesh utility gen-
erates the background grid extends 1.5L forward of the bow and 3L aft of the transom
along the x-axis, 3L along the y-axis, and 3L in the z-direction—of which 0.7L extends
upward from the hull slope to the top boundary of the domain—where L corresponds to
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Figure 6. RANS computational grid: side view (top-left), perspective view (top-right), and bottom view (bot-
tom).

the length between perpendiculars (Lpp = 190 m). A refinement is applied along the z-
axis to more accurately capture the free surface. Subsequently, the grid is further refined
in the x-y plane through six iterative topoSet and refineMesh loops, creating additional
refinement blocks near the hull. The hull-background intersection is resolved using the
snappyHexMesh utility, which removes the cells containing the body and reconfigures
the grid around it. The final grid consists of 1.5 million cells and is displayed in Figure
6. With regard to the solvers used, a Geometric Algebraic MultiGrid (GAMG) method
with a Diagonal Incomplete Cholesky (DIC) smoother was chosen for the dynamic pres-
sure. A smooth solver suitable for asymmetric matrices with an asymmetric Gauss-Seidel
smoother was used for the velocity, turbulence variables (k and w), as well as for the a
parameter of the VOF model. For the latter, a Multidimensional Limiter for the Explicit
Solution (MULES) was applied to ensure accurate interface evaluation. Additionally,
three different temporal discretization schemes were tested for their effectiveness. The
first, localEuler, is a Local-Time-Step solver, meaning that the time step is adjusted
locally to control the Courant number, which directly impacts the solution. The other
two, Euler and Crank-Nicolson, instead use a Global Time-Step approach.

3.2. Validation results

First, the case of the original hull at the nominal speed of 18.2 kn was analyzed. Figure
7 displays the total resistance convergence and residuals obtained with the three differ-
ent time derivative schemes mentioned above. It can be seen that the values at the con-
vergence of the total resistance are comparable, but the localEuler scheme is signifi-
cantly more stable. It is also more computationally convenient. In fact, with the Euler
and Crank-Nicolson schemes, convergence is reached after approximately 500 sec-
onds of simulation, requiring around 200 and 350 CPUh, respectively. Conversely, with
the localEuler scheme, acceptable convergence of key variables is achieved in 20,000
iterations with a computational cost of about 100 CPUh. These observations suggest that
the localEuler scheme appears to be the most reliable for this type of analysis. Conse-
quently, the results presented in the following are those obtained using this scheme.
Figure 8 depicts the pressure distribution along the longitudinal plane of the original
hull and the resulting free surface elevation, providing insight into the wave patterns gen-
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Figure 7. Total resistance convergence (left plots) and residuals (right plots) of full-scale RANS simulation of
the original hull with different time derivative schemes. From top: localEuler, Euler, Crank Nicolson.
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Figure 8. Pressure distribution and free surface elevation of the original hull at nominal speed obtained with
full-scale RANS simulation.

erated by the hull at the analyzed speed. Under the tested conditions, the total resistance
experienced by the hull is 571.5 kN, showing a discrepancy of about 6.5% compared to
the predictions made with the potential model. This difference was expected and can be
attributed to the more complex physical effects captured in the RANS simulations, which
are not accounted for in the potential model. RANS simulation at the nominal speed
was also performed on the optimized hull, and the results were compared to those of
the original hull. As illustrated in Figure 9, the region of positive pressure on the bulb is
larger for the optimized hull, and the modifications to the bulb geometry result in slightly
higher waves around it. Notably, these differences align closely with those observed in






