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Introduction

The advance of digitalization and green shipping have led to requirements to assess the impact of
alternative fuels, novel engine configurations and systems for autonomous operations on maneuverability
in adverse conditions like wind, waves, and shallow water. Simulation technology has also become a
resource for forensic analysis of shipping accidents like the obstruction of the Suez Canal by a large
container ship in 2021 or the collapse of the Francis Scott Key Bridge in Baltimore (MD, USA) in 2024
following impact from a large container ship. The present paper presents computational fluid dynamics
(CFD) based maneuverability analyses of an inland waterway ship under extremely shallow water
conditions. Simulations of straight-line self-propulsion and zig-zag maneuvers at water depth H to draft T
ratio of 1.2 were utilized to provide a quantification of the reliability of CFD to contribute to the limited
pool of benchmarking data for these conditions and ships. The critical elements of CFD are turbulence
modeling to account for the altered near-wall flow in the under-keel clearance (UKC) region and motion
modeling to consider dynamic trim and sinkage in presence of only a small gap between the keel and the
bottom. A comprehensive review of simulation technology for hydrodynamic problems in confined waters
can be found in Mucha (2017). Carrica et al. (2016) discuss the simulation of a zig-zag maneuver in
extremely shallow water for the Kriso containership (KCS) based on Delayed Detached Eddy Simulation
(DDES). Overshoot angles were underpredicted by 13% and 18.9% for the first and second rudder
execution, respectively, stemming from a 19% underprediction of the maximum yaw rate. The period of
the resulting yaw oscillation was predicted in good agreement to the experiment (<1%). The finite width
of the shallow water tank was not considered in simulations, representing a source of error, while the
underprediction of yaw kinematics was attributed to turbulence modeling. From the few available studies,
it can be observed that comparison errors to experiments are usually 5-10% higher than for simulations in
deep water conditions.

Ship test case

The model used in the study (Fig. 1, Tab.1) represents a typical inland waterway ship encountered on
European waterways which can be used for bulk carriers, container, or tanker ships. A detailed description
of the ship, resistance and propulsion tests under various shallow water conditions is available from
Mucha et al. (2018). Free-running zig-zag maneuvers were conducted at the Maritime Research Institute
Netherlands (MARIN), Mucha et al. (2019). The tank at MARIN is 220m in length, 15.8m wide and with
adjustable water depth from 0-1.1 m. Experiments were run at conditions of H/T=1.2 and 3.0. Zig-zag
maneuvers were performed starting to both port and starboard side with yaw checking angle of Ψ= +/- 5°
and application of rudder angle δ= +/- 35°. Tests at H/T=1.2 were repeated four times to each side.
Approach speed was 0.556 m/s, corresponding to depth Froude number Fnh=0.086, respectively, and 4.3
kts at full scale. Prior to maneuvering experiments, speed runs were conducted to determine propulsion
characteristics. A right-handed Cartesian coordinate system with origin located at the center of gravity
participating in the motion of the model was used. Axes x, y, z pointed forward, to port and upward,
respectively. Details of the propeller geometry can be found in Mucha et al. (2018). The twin propellers
followed inward over-the-top rotation seen from astern.



Table 1. Main particulars of the inland waterway ship.
Length between
perpendiculars

Lpp [m]

Beam
B [m]

Draft
T [m]

Wetted
Surface

Are
SW [m2]

Longitudinal
center of

gravity wrt.
Lpp/2 xCG [m]

Block
coefficient

cB [-]

Volume V
[m3]

Ship 135 11.45 3.5 2376.1 -0.1718 0.92 4992
Model 8.4375 0.7150 0.2188 9.2817 -0.01074 1.2187

Numerical Method

The CFD application Simcenter™ STAR-CCM+ (Siemens, 2024) was used in the current study. In
Simcenter STAR-CCM+ numerical solution methods based on Finite Volume (FV) approximation for the
Navier-Stokes equations are available. Unsteady Reynolds-averaged Navier-Stokes (URANS) equations
formed the basis of the solution procedure. The transport of turbulent momentum was accounted for by
introducing time-averaged and fluctuating terms of the flow variables to the equations, while
approximations were made for the resulting stress tensor. The k-ω Shear Stress Transport (SST) model
was utilized. In Simcenter STAR-CCM+ the constitutive order can be chosen to be linear, quadratic, or
cubic. Details on the approximation schemes and VOF-HRIC based free surface modeling can be found in
Mucha (2017). Rigid body motions were solved for by the Dynamic Fluid Body Interaction (DFBI)
method which provides an implicit coupling scheme between the flow and rigid body equations of motion
in six degree of freedom (DoF). Two kinds of mesh configurations were investigated, Fig. 2. The first one
is valid for laterally unrestricted water neglecting relative motions between the ship and tank walls. In this
case a single region can be used for the tank and ship. The entire region moves with the maneuvering ship
while heave and pitch motions are modelled using mesh morphing. Propellers were modeled using sliding
interfaces. Rudders were added by way of overset mesh technology. With the second configuration the
ship is included in a separate overset region and the tank region only participates in longitudinal motions
enabling relative motions between the ship and side tank walls. Mesh morphing is active inside the ship
overset region for heave and pitch modeling. This configuration comes at additional computational cost
due to overset hole cutting, interpolation and additional grid refinement in the tank region to cover
horizontal motions of the overset ship region (factor 2.8). The computational mesh for the tank, ship,
rudders and duct consisted of hexahedral CVs in unstructured arrangement. Propeller regions were
meshed with polyhedral cells. Prismatic cells were used on the hull, rudder and propeller boundaries
(y+<=1). Anisotropic refinement was employed in the zone of free surface motions. Further anisotropic
refinement was requested in the UKC region extending beyond the main dimensions of the ship model to
account for six DoF body motions. These refinements represented 44% of the total number of cells in the
domain. Here, cells had a vertical grid spacing of 2mm and horizontal grid spacing of 8mm (medium grid
resolution, total number of cells: 17M). The computational domain extended 1.25L upstream of the fore
perpendicular and 2.75L downstream of the aft perpendicular. The distance to the side and bottom tank
wall were in accordance with the physical experiments at MARIN, i.e., the tank was 15.8m wide. Its
vertical extent to the top boundary was 1L measured from the deck. The upstream and downstream
boundaries were modelled as velocity inlets. In Simcenter STAR-CCM+ this constitutes a Dirichlet type

Figure 1. Inland waterway ship model, built at Schiffbauversuchsanstalt Potsdam (SVA), designed by DST.



boundary condition and, consistent with the forward motion of the region, the velocity vector was [0,0,0]
m/s here. The volume fraction definition was based on calm-water condition and prescribed directly in
analogy to the velocity. Pressure was interpolated from adjacent cells. Wave forcing was used to mitigate
reflection of numerical free surface disturbances from the upstream and downstream boundaries. The
forcing zone length at the inlet was 4m and 7m at the outlet, respectively. In configuration one the side
boundaries were velocity inlets with 4m wave forcing zones. The bottom relative velocity was [-Ux,-Uy,0]
m/s, Ui being the instantaneous rigid body velocity of the ship model. In configuration two the sides and
lower boundary of the background region were no-slip walls with relative tangential velocity of [-Ux,0,0]
m/s. The top boundary was a pressure outlet with direct specification of atmospheric pressure, volume
fraction and interpolation of velocity and turbulence values from neighboring cells. The ducted propeller
was modelled using a moving reference frame (MRF). The presence of the duct partially mitigates the
errors in the capturing of transient cross-flow and side forces on the blades introduced by MRF, Mucha et
al. (2023). The setup and simulation of open-water propeller tests followed an equivalent study presented
in Aram and Mucha (2023). Three grids were generated comprising 2.2M, 3.7M and 6.6M, respectively.
Comparison errors across all grids for the practically relevant range (advance coefficient J=0.1 to 0.5) to
the operational point of the maneuver (J=0.42) show a mean comparison error of 6.27% for the total
thrust generated by the duct-propeller unit. The coarse grid was chosen.

Results and Discussion

Comparison error E% is defined as 100(E-S)/E, where S is the simulation result and E is the experimental
result, respectively. Bare-hull towing test results were available for the slow speed range from the
Development Center for Ship Technology (DST), Mucha et al. (2018) on the fixed model moving in x-
direction only due to negligible effect of squat. A factor of √2 was used to perform one level of coarsening
and refining for a 17M cell grid to arrive at 7.9M and 42.7M cells, respectively. Grid sensitivity was
checked for the production run speed of 0.556 m/s. Additionally, based on the converged solution from
employing the conventional k-ω-SST model, the cubic constitutive option was activated to allow for
anisotropic production of turbulence. Enabling anisotropic production improved the results for speeds
greater than 0.556 m/s. The maximum deviation was found at -8.7% for the highest considered speed and
the linear constitutive option. For both higher speeds considered E% decreased by three to four
percentage points. Due to the low depth Froude number, it was not as pronounced as observed by
Yahfoufi and Deng (2014), who demonstrated that differences of E%>15 between isotropic and
anisotropic modeling started to show for Frh>0.2. For the approach speed to the maneuver of 0.556 m/s
the difference to the experiment was -1.6%. Results indicate a small deviation between the coarse and
medium, and the medium and fine grid, Tab. 2. A pronounced zone of recirculation was visible behind the

Figure 2. Detail side views of the computational mesh for configuration one (top, open water, single mesh for
tank and ship) and two (relative motion to tank considered, blue overset mesh region inside tank region).



Table. 2. Results of X in [N] of bare-hull towing tests, grid and turbulence modeling sensitivity studies.

U [m/s] 0.415 0.555 0.555 0.695 0.695
Frh [-] 0.065 0.086 0.086 0.108 0.108

Constitutive
Order

Linear Linear Cubic Linear Cubic

Coarse (7.9M) - 8.51 - - -
Medium (17M) 4.45 7.89 8.11 13.05 13.7
E% Medium -5.56 -4.36 -1.6 -8.7 -4.19
Fine (42.7M) - 7.79 8.33 - -

EFD 4.71 8.25 8.25 14.3 14.3

skeg. Fig. 3 provides expanded insight into the flow fields near the bow and stern region. Besides the
large recirculation zone behind the stern, the acceleration of the flow near the fore shoulder, where the
flow encounters the maximum obstruction, stands out as a prominent feature of the flow around the ship
model. The pronounced flow features proximal to the fore and after shoulders are critical to the
understanding of squat and the dynamic trim bias (bow-down) which is important for UKC management
to prevent grounding of the rudders. Due to acceptable differences between the medium and fine grid, the
medium grid was selected for further simulation work. In free-running mode the model was controlled
using a proportional-derivative (PD) control law for the course angle with an additional proportional gain
for offset in sway, both with set point Ψ=0° and y=0 m, see Mucha et al. (2018). The time step during the
approach phase (only x-motion allowed) was 0.1s. A small number of 5 inner iterations was sufficient to
achieve reasonable decline of residuals in each time step. After 100s it was decreased to 0.05s, then
further decreased to 0.025s when heave and pitch motions were activated. The solution was stabilized by
a temporally limited increase of the number of inner iterations to 50 and an artificial damping force and
moment in heave and pitch modes of motion to absorb the numerical impact of switching from one to
three DoF. Upon settling of the heave and pitch response to a steady state the remaining modes of motion
and course controller were activated. Propeller rate of revolution was varied using a P-controller and the
final value for the approach speed of U0=0.556 m/s was 830 RPM compared to 780 RPM in the
experiments (E%=6.4). Sinkage settled at 5.22 mm compared to 6.1 mm in the experiment (E%=16.8).
Trim was negligibly small in both experiment and computation (<0.1°). Fig. 5a-b show the time histories
of port (l.h.s.) and starboard (r.h.s) 35°/5° zig-zag maneuvers. Measurements from the first run using
experimental fluid dynamics (EFD) are represented by black lines. Blue lines refer to CFD configuration
one (open water). Configuration two (modeling relative motion to the tank) was only run for the
maneuver starting to port and is represented by red lines. Overall good agreement between CFD and EFD
was attained. The first overshoot angle for both CFD configurations was 3.28° which is only slightly
higher than the average of 3.18° with a variance of 0.1° from experiments, resulting in a comparison error
of 3.2%. The second overshoot angle was 4.6° (open water) and 4.5° (tank) in CFD compared to the
average of 5.98° with 0.1° variance in EFD, resulting in a comparison error of 12.5%. Analysis of motion
responses in surge and sway revealed that speed loss predictions by CFD were close to measurements,

Figure 3. Detail side views on bow and stern regions of the velocity in the center plane (y=0).



Figure 5a. Time histories of port (l.h.s.) and starboard (r.h.s) 35°/5° zig-zag maneuvers.



Figure 5b. Time histories of port (l.h.s.) and starboard (r.h.s) 35°/5° zig-zag maneuvers.

albeit showing a slightly faster decline of forward speed during the first two rudder executions. Drift
angle agreed well up until the second overshoot angle, when CFD predicted a slightly larger drift angle.
The same applies to the turn rate. The maximum amplitude was underpredicted in CFD by 15%. Dynamic
sinkage and trim were very small and qualitative trends in good agreement. The same observation applies
to roll motions which were negligibly small. With the exception of dynamic sinkage the differences
between the two CFD configurations were marginal which is attributed to the wide tank and MARIN and
negligible wall effects. The 2.8-fold increase in cell count for configuration two translated to a 85%
increase in solver time. Using 20x40 cores for configuration one the total solution time was 2.97 days.
For configuration two it was 5.5 days. The value of validating configuration two refers to applications
where neglecting relative motions to boundaries is not admissible, e.g. maneuvering in narrow channels,
entry to locks, or passing and overtaking of other ships.
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1 Introduction 

Banks of inland waterways are subject to hydrodynamic loads induced by primary and secondary waves 

generated by passing ships. To counteract these loads, banks are typically reinforced with riprap, as well 

as nature-based solutions. 

The design and dimensioning of bank reinforcements are based on predicting the largest wave loads 

caused by passing inland ships, which underscores the importance of accurate predictions of a ship's 

primary wave. Several factors influence the primary wave height, including the ship’s shape, size, and 

speed. Additionally, these waves are significantly affected by the vertical and lateral confinement of the 

waterway. Furthermore, waves generated by inland ships approaching critical speed in confined water-

ways are characterized by relatively high wave steepness and complex effects, such as wave breaking 

and reflections. 

Ship wave simulations can be performed using various approaches. High-fidelity CFD codes, which 

employ Reynolds-averaged Navier-Stokes equations solved with two-phase Volume of Fluid methods, 

are commonly used in marine applications to predict ship forces and maneuvering characteristics. In 

contrast, codes based on the Shallow Water Equation with a height function to describe the free surface 

are more commonly used for the simulating larger water bodies like river stretches and for wave propa-

gation over extensive domains. 

The present study compares the ability of four different tools to predict ship-induced waves in a confined 

waterway. The comparison is conducted from a practical engineering perspective, without delving into 

the specifics of numerical procedures, and presents preliminary results in the search for software suitable 

for the estimation of ship-wave loads on the banks of inland waterways. This work focuses solely on 

model accuracy; aspects related to numerical efficiency and computational effort are not considered in 

the comparison. 

2 Ship Geometry and Validation Data  

In 2004, BAW conducted an extensive measurement campaign at the Wesel-Datteln-Canal (WDK) with 

a 105 m long and 11 m wide ship passing a straight, uniform stretch at different speeds and varying 

distances from the bank. The canal is trapezoidal in the cross-section and the width of the gravel bottom 

is 33,4 m. The slope of the riprap reinforced banks is 1:2.43. With a water depth of 3.95 m, the width of 

the free surface is 52,6 m. The height of the ship-generated wave was measured using an ultrasonic 

probe located halfway up the bank (Figure 1).  

Based on the grain size of the gravel bottom and dimension of the riprap stones the equivalent sand-

grain roughness of the canal is estimated ks,bed = 0,03 and ks,slope = 0,3. Ship-hull roughness is estimated 

ks,hull = 0,0003. 

mailto:georg.goebel@baw.de
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Figure 1: Ship in canal during measurement (left) and sketch of canal geometry with location of the 

ultrasonic probe and three different ship positions (right). 

The collected data were never fully published, parts can be found in Söhngen and Doychev (2018). For 

the presented work, measurement data from three different lateral positions and three ship speeds vs 

were used. Lateral position was as depicted in Figure 1. Ship speed was varied relative to the critical 

ship speed vcrit, which was calculated as described in GBB (Bundesanstalt für Wasserbau 2010) (Table 

1).  

Table 1: Ship-speed vs and corresponding depth Froude Number Frh for all nine measurement runs.  

 
central, vcrit = 2,69 m/s near bank, vcrit = 2,67 m/s over bank toe, vcrit = 2,67 m/s 

 
vs [m/s] Frh [-] vs [m/s] Frh [-] vs [m/s] Frh [-] 

100% vcrit 2,66 0,42 2,66 0,42 2,65 0,42 

90% vcrit 2,53 0,40 2,54 0,41 2,52 0,40 

80% vcrit 2,39 0,38 2,32 0,37 2,22 0,35 

  

The measurements are shown in Figure 2. All cases display the typical ship-induced wave pattern, with 

surface elevation at the bow and stern, and a drawdown along the length of the hull. When the ship speed 

approaches vcrit, the drawdown increases further, and the slope supply flow transforms to a breaking 

wave (Dempwolff et al. 2022a), as seen in Figure 1.  

The results are averaged from four to five measurement runs which introduces some high-frequency 

filtering. That implies that the superimposed secondary wave may appear smaller than it is in reality. 

3 Numerical Methods 

Simulations were performed using four different solvers with the aim of resolving the primary wave 

system and, if possible, the secondary wave systems generated by a typical inland cargo ship in a canal 

at full scale.  

Two high-fidelity CFD solvers of the URANS-type (OpenFOAM and STAR CCM+) were employed in 

which the ship is kept fixed while the fluid around the ship is moved. The flow around the ship is estab-

lished by applying a velocity or flow-rate inlet condition and a pressure outlet. The lateral banks and the 

bottom of the canal were defined as a no-slip wall with a relative velocity equal to the inlet velocity. 

The ship's hull was treated with a no-slip surface as well. 
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This approach has been shown to give satisfactory results in other studies, see e.g. Bechthold and Kas-

tens (2020). In both applications, the domain consisted of approximately 25 million cells and extended 

1.5 ship lengths forward of the test ship and 3.5 ship lengths aft. Mesh refinements were applied around 

the ship, extending to the lateral boundaries of the canal as well as in the underkeel region. Additional 

refinements were defined in the free surface region in order to capture its deformation accurately. 

Two solvers of the non-hydrostatic Shallow-Water-Equation (SWE) type (REEF3D SFLOW and SIFSI) 

were used, in which the ship moves through the canal with a constant velocity. The domain size was 

chosen long enough to establish a stable ship-wave system, uninfluenced by precursor soliton waves or 

reflections from both open boundaries. A full-scale model is employed in all four approaches.  

Since not all codes are able to handle ship dynamics, the draft was fixed to T = 2.8 m (h/T = 1.41) and 

dynamic squat and trim are neglected for consistency and simplicity. The applied canal shape and water 

depth are sketched in Figure 1.  

All models were calibrated by improving mesh quality, numerical parameters, and numerical schemes. 

The calibration was performed for the central position at 100% of vcrit; all other cases are based on this 

calibration. 

OpenFOAM 

OpenFOAM is an open source C++ library for solving partial differential equation systems (Weller et 

al. 1998). The library consists of a variety of solvers for modelling specific physical phenomena. inter-

Foam is a two-phase model for the simulation of free surface flows that is based on the Volume-of-Fluid 

method (VoF) by Hirt and Nichols (1981). Mass and momentum equations are solved using the PIMPLE 

algorithm, an iterative pressure-velocity coupling method. The distribution of air and water in the do-

main is described by the volume fraction α. The transport equation of α is solved with the OpenFOAM 

specific MULES-algorithm. In this work, OpenFOAM v2212 is used. The k-ω-SST model by Menter 

et al. (2003) is employed for turbulence modelling. Second order schemes are applied for both temporal 

and spatial discretization. The time step is adjusted in relation to the CFL-number that is below 0.5 for 

cells with 0 < α < 1 and 0.8 for cells with α = 0 and α = 1.  

The cell size in vicinity of the ship hull is 0.125 m. Based on the assumption that the primary wave of 

the ship is pressure-dominated and the influence of ship’s surface roughness is negligible, a prism layer 

was omitted and a wall function was used.  

Simcenter™ STAR-CCM+ 

The commercial flow solver Simcenter STAR-CCM+ has been validated for various ship flow cases in 

restricted waters, see Mucha (2017). The simulation is based on the numerical solution of the unsteady 

Reynolds-Averaged Navier-Stokes (URANS) equations. Closure of the equations is provided by the k-

ω-SST turbulence model. A VoF approach is used to resolve the air-water interface. A fixed time step 

was chosen to maintain a Courant number CFL < 1, ensuring a sharp interface between water and air 

when using the HRIC scheme. The system of equations was solved in a segregated manner using the 

SIMPLE algorithm.  

Considering the scale of the simulation, a y+ > 300 was targeted at the ship and canal boundaries by the 

application of a prism layer. Second order schemes are applied for both temporal and spatial discretiza-

tions. 
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REEF3D SFLOW 

REEF3D is an open-source software package containing various solvers for hydraulic engineering ap-

plications. It includes multiple solvers, such as the non-hydrostatic shallow-water-model SFLOW which 

is used in this investigation (Wang et al. 2020). In all four solvers high order schemes can be applied, 

like the 5th-order WENO for discretization in space and the 3rd-order TVD Runge-Kutta for discretiza-

tion in time. 

The mesh size used is 2 x 2 m, and the domain length is 1410 m. The ship is represented as a moving 

pressure field on the water surface. The specific pressure field is derived from the geometry of the ship 

as described and validated in Dempwolff et al. (2022b). The surface elevation is measured 570 m from 

the start of the domain. 

A 3rd-order TVD Runge-Kutta is used for discretization in time and a 5th-order WENO for discretiza-

tion in space. A linear non-hydrostatic approach is applied for dynamic pressure, with roughness set to 

ks = 0.3 m. 

SIFSI 

The newly developed SIFSI model is based on a semi-implicit finite volume scheme and is designed for 

solving fluid-structure-interaction problems (Brutto and Dumbser 2022; Brutto 2024). It efficiently sim-

ulates multiple objects moving on the free surface of water bodies such as rivers, lakes, and harbors, 

while simultaneously analyzing long-distance wave propagation from these bodies. The motion of these 

objects is influenced by gravity, hydrostatic pressure and the shear stress in their six degrees of freedom, 

whose evolution is controlled by the ODE system of the linear and angular momentum equations. Forces 

acting on the bodies are calculated using the free surface solution derived from the partial differential 

equation system that governs the motion of water. This enables the study of interactions with waterways, 

allows ship's course tracking and aids in the design of waterways and ports infrastructure. The position 

and orientation of the bodies modify the nonlinear volume function applied in each computational cell. 

The water flow dynamics is currently based on the 3D shallow water equations, which allow solving the 

flow equations in mesoscale domains in a context where the horizontal dimensions are greater than the 

vertical dimension. The discretization follows the scheme of Casulli and Cheng (1992), where the di-

mension of the linear equation system to be solved is only weakly affected by vertical discretization, 

ensuring computational efficiency. Additionally, treating mass fluxes and the pressure gradients as im-

plicit terms reduces the limitation on the timestep by the CFL condition. Dispersion effects are intro-

duced through a Boussinesq-type term in the momentum equation. The calculations have been done on 

a 4 m x 2 m grid with 4 x 4 subgrid, a timestep of 0.5 sec and without skin-friction. 

4 Results and Discussion 

The ship-induced wave is evaluated as the surface elevation above the slope, as illustrated in Figure 1. 

Figure 2 presents the results of the measurement campaign, including a 95% confidence interval, along 

with the results from the four different numerical tools. The first observation is that none of the tools 

consistently predict the ship-generated wave with satisfying accuracy. Additionally, some tendencies 

can be observed as ship speed and lateral position increase. 



26th Numerical Towing Tank Symposium (NuTTS) 

23-25 October 2023 

Mühlheim an der Ruhr, Germany 
 

 

 

Figure 2: Surface elevation along the canal for different ship speeds vs and lateral positions. Measure-

ment data, shown in black, represents the average of five measurement runs, with the 95% 

confidence interval shaded in grey. 

While both URANS methods are further from the reference results than the SWE solvers, their accuracy 

appears to improve when the ship is closer to the shore. This indicates, that the prediction of drawdown 

is more reliable in near vicinity of the hull but become less accurate as the wave propagates into the far 

field. The prediction of the orbital motion of the wave requires high precision in the interface region, 

which may not have been fully achieved in this case, despite mesh refinements based on previous oper-

ational experience. A more accurate prediction is possible, as Kochanowski and Kastens (2022) showed, 

however further refinement of the free surface region would significantly increase computational costs. 

They also included ship dynamics and a propeller in their simulation which may also be a reason for the 

better accuracy in their work. 

Comparing STAR-CCM+ and OpenFOAM, the secondary wave is slightly more pronounced in STAR-

CCM+. The reason for this is unclear and may be related to differences in interface-capturing methods 

or the finer mesh on the hull surface in STAR-CCM+, since the mesh resolution on the water surface 

area is similar in both cases.  

Across all solvers, REEF3D demonstrates highest accuracy, though the results still deviate from the 

reference data in most cases. REEF3D performs best for the central ship position but shows discrepan-

cies in near-bank and over-bank-toe positions. A recalibration of the ship-induced moving pressure field 

may improve accuracy in these eccentric positions. 

By the SIFSI results presented in Fig. 2 it should be stressed that no skin friction was applied. Brutto 

(2024) shows, that there are big differences in the size and shape of the primary wave, when skin-friction 

is considered or not. His work also shows good accuracy with validation data, when skin-friction is 

applied. 

The propagation of ship waves in natural, more complex bathymetries will be a topic for future research. 

In particular, the propagation of ship waves in water bodies laterally connected to waterways is of inter-

est, as wetland restoration and riverbank renaturation become increasingly important. This study 
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demonstrates that none of the applied tools provide perfect results. Since the SWE solvers have shown 

better accuracy in ship waves prediction, future research will focus on these methods. However, further 

work is needed in terms of calibration and development. 

The comparison of URANS solvers will remain a topic of research interest as well, as they presently 

excel in predicting ship forces and addressing maneuvering questions over the SWE-based methods 

(Brutto 2024). However, they are unlikely to serve as reliable and computationally efficient tools for 

predicting ship waves. Moreover, for all compared methods, the validation of simulated ship wave sys-

tems is still an ongoing research. Regarding the validation dataset, new data needs to be collected, pro-

cessed, and published. This dataset should include water surface levels and fluid velocities at various 

lateral positions, as well as information on ship dynamics and machine data such as propeller thrust. 
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1. Introduction 

The rise of automation in the maritime industry, driven by the need to enhance safety and efficiency, has 
led to the development of Maritime Autonomous Surface Ships (MASS). A critical challenge in 
autonomous ship design is ensuring reliable collision avoidance, particularly in confined or restricted 
waters such as ports, locks, or narrow channels. These environments involve complex hydrodynamic 
interactions influenced by factors like waves, currents, and ship proximity, requiring advanced modeling 
techniques to predict and mitigate risks. 

The main objective of this research is to develop a computational fluid dynamics (CFD)-based collision 
avoidance model specifically tailored for MASS operating in restricted waters. The ultimate goal is to 
create a model that can accurately simulate real-world conditions, including wave forces, currents, and 
ship proximity, to ensure safe and efficient autonomous navigation. 

To achieve this, the study integrates experimental towing tank data, full-scale CFD simulations, and 
advanced control strategies, such as Model Predictive Control (MPC), which will allow the ship to make 
real-time adjustments to its trajectory. Additionally, by comparing traditional resistance estimation 
methods, such as Holtrop-Mennen and Michell's Thin-Ship Theory, with CFD simulations, the research 
aims to provide a more reliable prediction of ship behavior under dynamic conditions. This project will 
result in a robust collision avoidance system for MASS, contributing valuable insights to the future 
development of autonomous navigation systems. 

Literature review : 

The development of control systems for MASS has attracted significant attention, particularly in the areas 
of path-following and maneuverability under adverse weather conditions. Daejeong Kim et al. (2022) 
explored control issues for MASS under low-speed conditions using unsteady RANS CFD simulations, 
highlighting the importance of robust control strategies in varying wave heights. 

Tezdogan et al. (2019) further investigated the maneuverability and course-keeping performance of ships 
in different wave conditions, leveraging CFD techniques to predict hydrodynamic forces affecting ship 
stability. These studies underscore the potential of CFD simulations in simulating realistic environmental 
conditions for autonomous ships. 

 
1 Corresponding author.  
E-mail address: M.T.Ozdenoglu@soton.ac.uk 
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Thor Fossen’s (1994) work on guidance and control of ocean vehicles serves as a key reference for 
applying MPC in path tracking for maritime vessels. Fossen’s research into adaptive control 
methodologies in disturbed environments is crucial for the real-time control models for MASS in 
restricted waters. 

Predictive models, as explored by Wang et al. (2017) and Guo et al. (2020), offer insights into using 
wave-based disturbances for path tracking under uncertain environmental conditions. Traditional 
empirical methods, such as the Holtrop-Mennen method, have been valuable for estimating ship resistance 
in calm waters. However, their application in dynamic, wave-influenced environments is limited. 
Therefore, this study emphasizes CFD-based simulations, which provide more accurate predictions for 
ship behavior in complex sea states, particularly for MASS in restricted waters. 

2. Methodology 

This section presents the methodologies employed in this research, covering numerical simulations, 
experimental validation, and mathematical modelling. 

The study focuses on a ship with a length ranging from 100 to 150 meters, representing a typical size for 
Maritime Autonomous Surface Ships (MASS) operating in restricted waters. The CFD simulations were 
conducted using STAR-CCM+ software, with the computational domain designed to capture the essential 
hydrodynamic interactions. The domain was sufficiently large, extending five ship lengths in all directions 
from the model, to minimize the effects of boundary reflections in both calm water and regular wave 
conditions. This low blockage ratio setup was crucial for accurate flow predictions. Figures 1 and 2 
illustrate the computational domain and the overset mesh used to accommodate the ship’s motions, 
respectively. 

The meshing strategy was developed to ensure high accuracy while maintaining computational efficiency, 
resulting in approximately 5.6 million cells. The average non-dimensional wall distance (y+) was 
controlled around 50, following the recommendations of the ITTC 7.5-03-02-03 guidelines for CFD 
simulations of full-scale ships (ITTC, 2011). A time step of 0.001 seconds was chosen to resolve the 
unsteady flow characteristics, based on best practices and prior work on full-scale unsteady flow 
simulations (Tezdogan et al., 2016). 

 

Figure 1 Dimensions and boundary conditions of the background domain of the computational domain (sample ship) 
( L: Ship Length) 
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Figure 2 Dimensions of the overset domain of the computational domain (Sample Ship) ( B: Beam of the Ship, D: 
Ship Depth) 

2.1. CFD Simulation Setup 

The CFD simulations were carried out using STAR-CCM+, focusing on evaluating hydrodynamic 
behavior in two distinct conditions: flat wave (calm water) and regular wave (for added resistance). These 
simulations were conducted in the Boldrewood Innovation Towing Tank at the University of 
Southampton, with dimensions of 138 meters in length, 6 meters in width, and 3.5 meters in depth. The 
towing tank environment was modeled to closely replicate experimental conditions, providing a 
benchmark for numerical results and validating the computational models used in this study. 

2.2. Numerical Methods: Holtrop-Mennen and Thin-Ship Theory 

• Holtrop-Mennen Method: The widely adopted empirical model developed by Holtrop (1977),
which provides a statistical analysis of performance test results, was utilized in this study to
estimate ship resistance in calm water. This method, based on extensive model test data, offers a
general estimation of resistance components, including both frictional and residuary resistance. In
this study, the method was applied to predict ship resistance over a range of speeds, from 0 to 25
knots, and for various draughts (4.8 m to 5.8 m). While the Holtrop-Mennen method is effective
for initial approximations, its accuracy in dynamic environments, such as waves, is limited due to
the absence of wave-induced resistance factors. The Maxsurf software was used to calculate the
total resistance across a range of ship speeds, and the accuracy of this method was validated by
comparison with Computational Fluid Dynamics (CFD) results and towing tank tests.

• Thin-Ship Theory: Michell’s Thin-Ship Theory (Michell, 1898), which provides an analytical
approach for calculating wave resistance, was also applied in this study. This method relies on
assumptions regarding the slenderness of the ship’s form and was implemented using MATLAB
for the same draught and speed range as the Holtrop-Mennen method. Thin-Ship Theory is
particularly useful for analyzing wave resistance at lower speeds but demonstrates limitations in
more complex hydrodynamic environments due to its linear assumptions (Tsubogo, 2014). The
comparison of results across different draughts (4.8 m to 5.8 m) highlighted its strengths in the
lower draught ranges, where wave-making effects are minimal.

2.3. CFD Simulations 

Two distinct CFD simulations were conducted as part of the hydrodynamic analysis: 

2.3.1 Flat Wave (Calm Water): In calm water conditions, simulations focused on the baseline 
resistance, similar to towing tank experiments without external wave forces. The goal was to 
isolate the inherent resistance components of the ship model at various speeds, specifically at 
Froude numbers of 0.22 and 0.36.  
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2.3.2 Regular Wave (Added Resistance): Regular wave conditions were modeled to study the 
added resistance due to waves at varying frequencies, ranging from 0.45 to 0.75 Hz. This 
range, corresponding to wavelength-to-ship length ratios (λ/L) from 1.82 to 0.65, was selected 
to simulate typical wave conditions experienced in operational environments. These 
simulations are currently ongoing and will provide crucial insights into the ship’s performance 
in dynamic sea states. 

2.4. Towing Tank Tests 

Two sets of towing tank experiments were performed to validate the numerical and CFD results: 

2.4.1 Flat Wave (Calm Water) Experiments: Resistance tests were conducted at two Froude 
numbers (0.22 and 0.36) for a single draught of 5.2m. These experiments served as a 
benchmark for validating the CFD flat wave simulations and the empirical predictions from 
the Holtrop-Mennen and Thin-Ship methods. 

2.4.2 Regular Wave (Added Resistance) Experiments: The added resistance in waves was 
measured for wave frequencies between 0.45 Hz and 0.75 Hz, matching the conditions used in 
the CFD simulations. This data will be crucial for validating the CFD model’s performance in 
predicting added resistance and other hydrodynamic effects. 

3. Results & Discussions

The results from the numerical methods, CFD simulations, and towing tank experiments were compared 
to assess their accuracy and reliability for resistance predictions. The primary findings are summarized 
below: 

Numerical Methods Evaluation: 

The numerical analysis using both the Holtrop-Mennen and Thin-Ship Theory methods provided an initial 
estimate of resistance under calm water conditions. As shown in Figure 3, the Holtrop-Mennen method 
produced reliable predictions at lower speeds, closely following the CFD results up to 15 knots. However, 
the Thin-Ship Theory displayed significant deviations at higher speeds, particularly beyond 20 knots, due 
to its linearized assumptions about wave resistance. These deviations were most pronounced for draughts 
above 5.2 m, where wave interactions had a more substantial impact on resistance. 

CFD Simulations: 

At this stage, we have completed the CFD simulations for flat wave (calm water) conditions. As illustrated 
in Figure 3, preliminary results suggest a close correlation with the experimental data for the 5.2 m 
draught case at Froude numbers of 0.22 and 0.36. However, we are still awaiting the completion of the 
regular wave simulations to compare the added resistance predictions with experimental data and 
empirical methods. These ongoing simulations will help further refine the accuracy of the hydrodynamic 
model, particularly in dynamic environments. 
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Figure 3 Resistance comparison for the 5.2m draught case across different methods. 

4. Conclusions and Future Work

Conclusions: 

The comparison of empirical methods and CFD simulations under calm water conditions showed that 
while traditional methods like Holtrop-Mennen and Thin-Ship Theory are useful for initial resistance 
estimates, they lack accuracy in complex hydrodynamic environments. The CFD simulations, validated by 
towing tank experiments, provided a more robust prediction of ship resistance and will serve as the 
foundation for further control model development. 

Future Work: 

Future research will focus on completing the CFD simulations for regular wave conditions and comparing 
the results with experimental data. Additionally, the Double Body Method will be explored as a potential 
tool to enhance the accuracy of resistance predictions, particularly in separating viscous resistance from 
wave-making components. This method, as discussed by Larsson and Raven (2010), will be applied to 
analyze the form factor more precisely, especially in cases where non-linear hydrodynamic interactions 
are significant. Incorporating the Double Body Method is expected to improve the overall understanding 
of ship resistance, particularly for bluff body forms. 

The next phase of this research will focus on completing the regular wave condition CFD simulations and 
comparing them with experimental results. Once these comparisons are validated, the results will also be 
compared with empirical methods to assess the accuracy of added resistance predictions. Future work will 
extend this analysis to irregular wave conditions using established spectral methods, such as JONSWAP 
or ITTC, to simulate more realistic sea states. 

Additionally, the research will incorporate Model Predictive Control (MPC) strategies for developing a 
collision avoidance system that complies with the International Regulations for Preventing Collisions at 
Sea (COLREGs). Drawing on the work of Fossen (2017), particularly in the field of adaptive control for 
marine vehicles, the control model will be designed to predict and adjust ship trajectories in real time 
based on wave-induced disturbances and proximity to other vessels. 
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4.1 Limitations 

• Thin-Ship Theory: As a linearized theory, it fails to account for the non-linear wave interactions
that become significant at higher speeds or in short wavelength conditions, resulting in
underestimation of resistance.

• Holtrop-Mennen: This method, while effective at lower speeds, struggled with accurate
resistance predictions in waves due to its empirical nature and lack of wave resistance
components.

• CFD Simulations: Although accurate, the CFD simulations were computationally expensive,
particularly in terms of meshing and convergence times. Further optimization of the meshing
strategy may be necessary to reduce computational costs for future simulations.

4.2 Recommendations 

• Conduct further experimental analysis, particularly in irregular waves, to enhance the robustness
of the CFD model.

• Refine the meshing strategy in CFD simulations to improve computational efficiency.
• Develop and implement the MPC-based control model for autonomous collision avoidance.
• Investigate the integration of sensor data with CFD simulations for real-time collision avoidance

system validation.
• Include additional ship motions such as heave, roll, and pitch in the future analysis to fully capture

the ship’s dynamic response.
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1 Introduction

Water levels on major European rivers are expected to remain low for prolonged periods, as observed
in the summers of 2018 and 2022. These conditions negatively affect inland navigation by increasing
the risk of grounding and reducing the manoeuvrability of inland vessels. In this context, navigability
analyses play a key role in supporting the development of safety-oriented navigation policies.

Currently, most navigability analyses are based on mathematical manoeuvring models. These models
use hydrodynamic coefficients derived from captive tests in experimental facilities or from simulations
of captive manoeuvring tests using RANS-based solvers. Consequently, the accuracy of navigability
analyses is highly dependent on the physical fidelity of the underlying mathematical manoeuvring model.
This is particularly true when considering manoeuvring in shallow or confined waters.

RANS-based solvers have proven effective in calculating hydrodynamic forces and moments on a
ship’s hull in deep water, challenges arise when considering ship hydrodynamics in extremely shallow
water. In order to evaluate the reliability and accuracy of RANS-based methods for the calculation of
hydrodynamic forces in shallow and extremely shallow inland waterways, the SHINING research group
was established, consisting of five European institutions: the German Federal Waterways Engineering
and Research Institute (BAW), the Development Centre for Ship Technology and Transport Systems
(DST), Flanders Hydraulics (FH), the Maritime Research Institute Netherlands (MARIN) and the Uni-
versity of Duisburg-Essen (UDE). The common goal is to deepen the understanding of shallow water
hydrodynamics by applying computational methods to benchmark the hydrodynamic forces acting on
a typical inland waterway vessel manoeuvring in shallow water. This paper presents two representative
computational methods from the SHINING 2023 workshop and investigates the hydrodynamics of an
inland waterway vessel during a steady circular motion in shallow water.

2 Test case

We conducted the study using a typical inland waterway vessel that travels on the river Rhine. The hull
geometry was made publicly available by BAW in Mucha et al. (2017). The vessel is characterized by
a high block coefficient of 0.92 and sharp edges at the stern. The vessel is equipped with two ducted
propellers and twin fish-tail rudders behind each propeller. Table 1 lists the main particulars of the ship.
In this study, only the bare hull was considered in order to reduce the complexity of the hydrodynamic
problem.

Table 1: Main particulars of the test inland waterway cargo vessel

Main particulars symbol full-scale units
Length between perpendiculars Lpp 135.0 m
Breadth B 14.45 m
Draft T 3.5 m
Block coefficient Cb 0.92 -
Mass M 4984.6 t

1



3 Computational procedure

We compared two computational approaches, both implemented in the commercial flow solver STAR-
CCM+, aimed at resolving the quasi-steady captive circular motion of the inland test ship, albeit using
different methods. The first method aims to physically resolve the circular motion of a floating ship,
as is typically conducted in model scale tests. In this approach, the problem is solved in an inertial
frame, in which the numerical domain rotates with a prescribed rotation rate r, see Figure 1 left sketch.
The ship, located at the centre of the numerical domain, is free to heave and pitch using the overset
grid technique. Additionally, the VoF method is used to account for air and water phases, with interface
sharpness enhanced using the HRIC scheme. Closure to the system equations is provided by the k-omega-
SST model by Menter et al. (1994) with curvature correction. The governing equations are solved in a
segregated manner using the SIMPLE algorithm with 10 outer iterations. The time step is chosen to keep
the Courant number on the free surface below 0.5.

Inertial Frame

(XR,YR)

r

R

x

y

U0

Body-fixed Frame

(XR,YR)

(vx, vy)
x

y

Fig. 1: The steady circular motion can be calculated in an inertial frame (left) or in a body-fixed frame
(right). In the inertial frame, the numerical domain rotates at a constant rotation rate around the centre of
rotation. In the body-fixed frame the numerical domain does not move but rather the water flows around
the ship.

The second method solves the problem in a body-fixed frame, see Fig. 1 right sketch. Since ship
manoeuvring in shallow water occurs at low speeds, a simplification has been made to consider only
the water phase with a steady-state method (double-body), where the RANS equations are solved in a
segregated manner. Closure is provided by the Reynolds Stress Model (Lardeau and Manceau (2014)),
which gives better results for bluff bodies in restricted waters. Circular motion is induced by adding
source terms to the momentum conservation equation to account for centrifugal and Coriolis forces.

In this method, the velocity vectors within the domain vary based on the ship’s distance from the
centre of rotation, located outside the vessel. The computational domain has a length of 4.2Lpp and a
width of 2.8Lpp. All boundaries are assigned inlet conditions, while the bottom surface has a relative
velocity equal to that of the velocity vectors. Both the ship and the bottom are treated with a no-slip
wall condition. Hydrodynamic forces are calculated by integrating pressure and shear stresses over the
ship’s surface. A novel approach to account for sinkage was also implemented. This method consists
of solving the vertical equilibrium forces iteratively until convergence. The non-dimensional rotation
rate, r′, Radius of rotation R, length between perpendiculars LLpp and ship speed U0 are related by the
following formulas:

r =
r′U0

Lpp
, r′ =

Lpp

R
, R =

U0

r
(1)

Both methods resolve the same physics and produce similar results, though with significant differ-
ences in computational efficiency.
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4 Results and Discussion

In this section, we present the forces obtained by the presented methods, additionally we added the results
from the SHINING 2023 workshop, with the author’s permission. Figure 2 plots the hydrodynamic
forces and moments acting on the hull during a steady circular motion for three water depth-draft ratios:
h/T = 3.0, 1.5, 1.2. The calculations were performed by varying the nondimensional turning rate r′. For a
ship in steady circular motion, the yaw moment is the most important quantity. The magnitude of the yaw
moment is well captured by the different methods and a small scatter of the values is observed for most
of the methods. For the sway force, slightly different slopes are observed for the different methods, but
the magnitude of this component is relatively small. The surge force shows the larger scatter. Although
the different calculations show similar trends, the offset between the lines can be up to 20%. This may
indicate a higher sensitivity to the numerical setup, in particular to the turbulence model. In fact, the
surge force is equally dependent on accurate predictions of pressure and shear, while the sway force and
yaw moment are pressure-driven.

−0.035

−0.030

−0.025

−0.020

X
′

h/T = 3.0 h/T = 1.5 h/T = 1.2

0.000

0.025

0.050

0.075

0.100

Y
′

0.25 0.50 0.75 1.00
r′

−0.06

−0.04

−0.02

0.00

N
′

0.2 0.4 0.6 0.8
r′

0.2 0.4
r′

BAW DST FH MARIN UDE-1 UDE-2

Fig. 2: Comparison of hydrodynamic surge force, sway force, yaw moment and sinkage of the reference
inland waterway vessel during circular motion for h/T = 3.0 (left), for h/T = 1.5 (centre), and for
h/T = 1.2 (right). Each line correspond to a unique method present at the SHINING 2023 workshop
(Results used with the permission of the institutions).
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Figure 3 provides a statistical overview of the numerical results presented in Fig. 2. Average values
for forces and moments were calculated from all simulations and are represented by a red line, with the
red shaded area indicating the standard deviation between the numerical submissions. In addition, the
plots include two averages related to two turbulence models. The green line represents the average of
the methods using SST k-ω (four methods), while the blue line represents the average of the methods
using Reynolds stress models (two methods). The results show that the different turbulence models give
comparable results for the sway force and the yaw moment. However, the surge force is influenced by
the turbulence model, confirming thus the hypothesis stated above. The SST k-ω model gives relatively
lower surge forces than the RSM model, especially for the deeper conditions.
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Fig. 3: RANS-based mean hydrodynamic forces, moments and sinking calculated from all submissions
(red lines) with their respective standard deviations (reddish area). In addition, the submissions were
divided into two turbulence modelling schemes, kω-SST (green lines) and RSM (blue lines). In the left
column for h/T = 3.0, in the middle column for h/T = 1.5 and in the right column for h/T = 1.2.

As an example of the complexity of the flow, Figure 4 shows the vorticity in transverse planes along
the ship’s longitudinal direction. As seen, a vortex is formed at the starboard bow of the ship and travels
downstream through the starboard side of the ship, passes under the bottom of the hull and continues
to travel through the port side at the stern of the ship. To see how the turbulence modelling affects
the vorticity around the hull, Figure 5 shows the vorticity at plane x = −0.45Lpp computed with two
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turbulence models: k-ω SST and RSM. The high level of vorticity under the hull correlates well between
both modelling methods. However, the intensity of the RSM turbulent model predicts higher vorticity
under the hull.

Fig. 4: Vorticity around the hull during circular steady motion at h/T=1.5 and r′ = 0.5 using UDE-2
method. We can see how a vortex is formed at the starboard bow and travelling downstream along the
starboard side

(a) k-ω SST (b) RSM

Fig. 5: Vorticity at plane x = −0.45Lpp for the case U0 = 0.556 m/s, r′ = 0.5, h/T = 1.5.
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1 Introduction 

Several studies have shown that Underwater Radiated Noise (URN) produced by marine 

traffic have a relevant negative impact for marine wildlife, especially mammals [1]. Although IMO 

guidelines aimed to monitor and reduce noise emission are currently non-mandatory a rising interest 

to address this issue has appeared. Consequently, stakeholders in marine industry are seeking to 

promote strategies and innovative solutions to decrease underwater noise emission. To develop such 

solutions, it is crucial to have the possibility to efficiently and accurately predict the production and 

radiation of underwater noise. URN can originate from various sources related to the vessel operation 

but the most relevant sources to the acoustic signature are often the propeller wake and cavitation [2].  

In this work, a CFD method for predicting noise production and radiation coming from 

cavitating flow has been carried out. The method aims to be suitable for its use in industrial design, 

what imposes that it must be efficient in terms of computational demand. The method has been 

validated and the results analyzed in two cases posing different flow patterns. The first case consists 

in a NACA0009 Hydrofoil with a chord of 0.15m and a wingspan of 0.025m. The second case 

consists in a five bladed model scale propeller of 0.22m in diameter, commonly known as Princess 

Royal propeller. Both cases were analyzed under cavitation conditions. The method uses the Ffowcs 

Williams-Hawkings (FW-H) acoustic analogy for the prediction of sound production and radiation. 

The models were selected with the aim of finding a compromise solution between accuracy and 

computational demand. The effects of using impermeable or permeable noise emitting surfaces has 

been investigated, revealing a higher precision of the permeable surfaces in predicting high-frequency 

noise. The effect of the shape of the permeable surface has also been detected to have significant 

impact, especially for the pseudo-loading sources at high frequencies. The models used have been 

proven to be accurate enough to give a good indication of noise produced by cavitating flow.  

This work was carried out in the context of Genís Masjoan's Master thesis for Aalto 

University, with funding from Elomatic Oy. 

 

2 Methodology 

The flow consists in two incompressible and isothermal fluids having water as the primary 

phase and vapor as the secondary phase, appearing as a result of cavitation. The software used for 

fluid modelling is StarCCM+. The Navier-Stokes equations are solved using the Segregated flow 

solver with the pressure-velocity coupling handled by the SIMPLE algorithm. 

The multiphase flow is modelled by the Eulerian Volume of Fluid method (VOF) [3]. The 

phase change is accounted by the mass-transfer model Schnerr-Sauer which is based in a simplified 

version of the Rayleigh-Plesset equation to obtain the cavitation bubble growth velocity. The need for 

accurate turbulence modelling to capture complex cavitation patterns requires the use of the hybrid 

RANS-LES model Detached Eddy Simulation (DES) [4], providing good accuracy while maintaining 

the computational cost within an acceptable range.  The volume fraction transport convection term is 

discretized using the High-Resolution Interface Capturing scheme (HRIC) allowing to capture the 

sharp interface. The convective term for the rest of the transported variables is discretized using 

Hybrid-BCD scheme which is based in the central differencing scheme and the second-order upwind 

scheme, what provides good accuracy and stability respectively. The temporal discretization is done 

with a second-order implicit scheme.  

The prediction of noise production and radiation is achieved by the Ffowcs Williams-

Hawkings acoustic analogy [5]. This analogy extends Lighthill's acoustic analogy [6] and Curle 

expansion [7] to not only include the noise produced by turbulence and static solid boundaries, but 

also include the effects of surfaces in motion. Through this analogy the acoustic pressure, , felt at 



 

arbitrary receivers in the far-field is calculated based in the noise sources obtained from the flow 

solution in the near-field. The acoustic pressure at the receiver is expressed as, 

                                             (1) 

Showing it can be decomposed according to the noise source type. The noise produced by 

the surfaces consists in the thickness pressure, ,and the loading pressure, , which are produced 

by the monopoles and the dipoles respectively. The noise produced by the movement of the fluid in 

the region surrounding the solid body is the quadrupole pressure, , generated by turbulence. The 

acoustic pressures are calculated in the receivers by integrating the noise sources over the surface, S, 

or volume, V, where they are being produced,  

                                            (2) 

                                         (3) 

                                          (4) 

 

where  is the position of the receiver,  is the Mach number, and the subindex ret indicates the 

retarded time to account for the time needed for the sound wave to travel from the production 

location to the receiver. The source terms creating the acoustic waves consist in the monopole 

strength, , for Equation 2. It represents the volumetric changes of the flow due to the presence of 

the body surface. In Equation 3 the Loading term, , accounts for the net force after the momentum 

fluctuation introduced by a solid object immersed in the fluid. For Equation 4 the Lighthill Stress 

Tensor, , accounts for the internal stress in the fluid due to non-uniform distribution of vorticity. 

These sources are obtained after a flow solution is reached at each time step.  

Another approach, developed by Di Francescantiono [8], is by considering that the noise is 

being produced in permeable surfaces encasing the near-field region where the relevant flow events 

producing noise are taking place. This approach saves computational time and memory as Equation 

4 is disregarded, avoiding the volume integral. The pseudo-thickness and pseudo-loading terms 

resulting from Equations 2 and 3 include monopoles, dipoles, and quadrupoles. This approach is 

unable to identify the precise location where the sources are being produced. The FW-H equations 

are solved using the Farrasat 1A formulation [9]. Post-processing is needed to present the Sound 

Pressure Level (SPL) in decibels (dB). To do so, the acoustic pressure signal is translated to the 

frequency domain through FFT and a power level is applied with a reference pressure of 1 𝜇Pa in 

case the transmitting fluid is water.  

The first test case consists in a NACA0009 Hydrofoil with a chord of 0.15 m, a wingspan of 

0.025 m, and an angle of attack of 9º. The reference data for this case is taken from the paper by 

Lidtke et al. [10]. The inlet velocity is set to 6.97 m/s, the gauge pressure to 29 kPa, and the water 

saturation pressure is 2970 Pa to have a cavitation number of 0.53 and a Reynolds number of 

1045500. The mesh for this case consists in a 1.9 million hexahedral cell mesh with a prism layer 

designed to achieve a y+ ≤ 1.  

 

 Figure 2. NACA0009 Hydrofoil mesh. 

Figure 1. NACA0009 Hydrofoil domain 

boundaries. Note the near and far field interface 

delimiting the noise region. 



 

The second test case consists in the five bladed model scale Princess Royal (PR) propeller 

with a diameter of 0.22 m and a constant rotation rate of 35 rps. The results are validated against the 

experimental data contained in the paper by Tani et al. [11]. The inlet velocity is set to 3.08 m/s and 

the gauge pressure is found to be 35 kPa. The water saturation pressure is 3171 Pa to have a cavitation 

number of 1.311 and a Reynolds number of 2187337. The mesh for the propeller case consists in a 

41.8 million polyhedral cell mesh in a cylindrical domain with a prism layer aimed to achieve a y+ ≤ 

1. To obtain the necessary refinement to capture the blade tip cavitation extending downstream a 

vorticity based Adaptive Mesh Refinement (AMR) is used. 

 

                                        

3 Results and discussion 

The evolution of the lift coefficient and the total volume of steam in the domain are compared 

against the reference data [10], being the mean in the reference 0.8761, and 0.8865 in the simulation. 

The oscillation of the lift coefficient shows a similar trend both in amplitude and periodicity (Figure 

5). In the same way, the total steam volume shows a good agreement in simulation and the reference 

data (Figure 6). These both figures suggest that the cavitation shedding process is being correctly 

simulated, implying that the main flow event influencing the noise production is accurate.  

 

When observing the Hydrofoil noise mitigation with the distance (Figure 7) from the foil, the 

intensity of the SPL in all the receivers show good agreement with a variation of less than 5 dB with 

the reference data. Notable disagreement is observed in the high-frequency range where the trough of 

the signal appears with a deviation of around 300 Hz.  

 

 

 

 

 

 

 

 

 

Figure 3.  PR domain boundaries. The yellow 

region corresponds to the noise region and the 

purple region corresponds to the rotating region. 

Figure 4.  PR case mesh. Note the fine 

refinement produced by the AMR in the wake of 

the propeller.   

Figure 5.  Lift coefficient oscillation comparison 

showing similar oscillation in period and amplitude. 
Figure 6. Comparison between the total volume 

oscillation showing satisfactory agreement. 

 

Figure 7. Comparison of the SPL 

measured at different distances from the 

source. Dashed line is the data form the 

simulations and solid lines is the data 

extracted from the reference. Accurate 

noise dissipation results are obtained 

having similar SPL decay with the 

increase of frequency. 

 

 



 

The effects of using the impermeable and permeable approach have also been observed. The 

noise was recorded using both methods resulting in the SPL comparison observed in Figure 8. It is 

seen that the impermeable approach is more accurate for capturing the low frequency noise. As can be 

understood from the paper by Lighthill [12], the small-scale turbulence is usually responsible of high 

frequency noise while the large-scale turbulence is responsible for the production of low frequency 

noise. This implies that the low frequency sources located on the surface of the foil are better 

predicted when the emitting surface is the real physical boundary itself. However, in the high-

frequency range the permeable approach shows better agreement as it can predict the SPL trough at 

900 Hz. This can be explained since permeable approach ignores less noise sources located in the 

vorticity field as not only quadrupoles are detected but also other types of sources. Although the 

permeable approach is computationally faster and gives better results, specially in the high frequency 

range, it fails to show the location of the noise sources. This poses a problem when the user is 

interested in identifying where the noise is being produced.  

 

 

 

 

 

 

 

 

It has been detected that the shape of the permeable surface can impact the results, two 

permeable surfaces have been tested, consisting in the ones seen in Figure 9. The simple permeable 

surface is box-like shaped while the adapted permeable surface has a rounded front to adapt to the 

acoustic wave formed in the front of the foil. Recording the noise at a receiver located 50 m behind 

the trailing edge of the foil using both surfaces result in the SPL shown in Figure 10. It is observed 

that in the lower to mid frequency range the SPL show relatively good agreement with both surfaces. 

However, notable differences are observed above 1100 Hz, especially for the pseudo-loading terms. 

These differences may be because the adapted surface is more capable of capturing the pressure 

disturbances in a more efficient and realistic way. In the case of the simple surface, the fact that it has 

right angles may induce some error or unrealistic sound detection. In this work, the permeable surface 

has not been fully optimized, but it has been proved that the design of this surface influences the 

results.  

 

 

 

 

 

 

 

 

 

 

 

 

Cavitation is linked to the noise through the vorticity appearing because of the presence of 

vapor structures. The lift coefficient is severely affected by the shedding process, as is confirmed by 

the coincident oscillations of the lift coefficient (Figure 5) and the cavitation vapor volume (Figure 6). 

Looking at the frequency spectrum of the lift coefficient (Figure 11) it is observable how the peak 

frequency, which is probably close to the resonance frequency, is located at 18 Hz. Equally, for the 

SPL results, as in Figures 7, 8, and 10, the peak frequency is located also at 18 Hz. Therefore, it can 

be confirmed that noise and cavitation are coupled and that the noise is directly related to the 

dynamics generated by the shedding process. 

 

 

Figure 8. Comparison between the 

total SPL obtained through permeable 

and impermeable approach at the 

receiver located at 25 meters from 

above the foil.  

 

 

Figure 9. Permeable surfaces used, marked in red. In the 

left the simple geometry and in the right the adapted 

surface.   

 

 

Figure 10. Comparison of the pseudo-loading and 

pseudo-thickness noise sources obtained from the 

simple and adapted permeable surfaces. 

 

 



 

 

 

 

 

 

 

 

 

 

 

Another relevant effect that cavitation has in noise production are the shock waves produced 

by cavitation bubble implosions. In this works the use of incompressible assumption implies that the 

sound produced by these shock waves is not detected as the bubble implosions cannot be modelled. 

The second test case has been used to test the applicability of the method to propellers and 

assess its accuracy against the experimental data in Tani et al. [11]. In first place, the cavitating flow 

solution accuracy is assessed. Obtaining the blade tip vortices was necessary to capture the vortex 

cavitation in the wake as this type of cavitation was expected to have relevant impact to noise. The 

thrust coefficient (Kt) obtained from the simulations shows an error of around 10%, being the mean 

Kt 0.269 in the simulations and 0.242 in the experiments. This error is considered acceptable for this 

work. The cavitation pattern observed in the simulations before the activation of FW-H is observed in 

Figure 12.  

 

 

 

 

 

In StarCCM+ AMR model is incompatible with the FW-H model, meaning that AMR must 

be deactivated during noise recording time steps. This caused the misalignment between the 

refinement and the flow solution (Figure 13), what causes the non-physical destruction of cavitation. 

 

 

 

 

 

 

 

 

 

 

 

This reduction in the extension of cavitation has a negative impact on sound prediction 

accuracy as observed in Figure 14, where it is seen how the location of cavitation coincides with the 

location where the main quadrupole sources are found. It can be assumed that cavitation extending 

downstream would also impact the high frequency noise produced by quadrupole sources.  

Figure 11. Lift coefficient signal in the 

frequency domain. Note that the peak 

frequency is located at 18 Hz, the same 

frequency as the peak noise frequency. 

 

 

 

Figure 12. Comparison of cavitation 

appearance between cavitation tunnel 

experiments from [11] and from 

simulation with the pressure contour. 

 

 

 

Figure 13. Misalignment of the mesh caused after the 

deactivation of vorticity guided AMR (right). Vorticity field is 

shown in the background.  

 

 

 

Figure 14. Cavitation (left) and 

main Quadrupole noise sources 

(right) location. The isovalue for 

cavitation is 0.1 and 1000 

𝑘𝑔/𝑚4 · 𝑠2 for the quadrupole 

noise sources. The vorticity field 

is represented in the background. 

The location of cavitation and 

main quadruple sources coincide 

representing the direct relation 

between cavitation and noise. 

 

 

 



 

 

 

 

Several noise features can be linked to the flow solution when performing a Wavelet analysis 

to the acoustic pressure signal (Figure 15). It is noticeable the high acoustic pressure bursts in the 

initial time of the recording. Those are produced by the destruction of the vortex cavitation in the 

wake. This observation reinforces the previous comments related to the reduction of noise accuracy 

by the loss of tip vortex cavitation. Darker spots can be distinguished, specially at frequencies higher 

than 1865 Hz. These are likely produced by transient acoustic phenomena related to blade passages 

interacting with each other. Also, the 11th harmonic of the blade passing frequency is identifiable as a 

light blue line at 1925 Hz.  

As have been proven, the inability of the model to maintain vortex cavitation during time 

implies that some unrealistic and undesired noise appear in the solution when cavitation collapses. 

However, the results still give a good approximation of the noise being produced. Although the results 

comparison with experimental data show discrepancies (Figure 16), the results are close in low-

frequency range showing only a deviation between 5 and 10 dB. In higher frequencies the deviation of 

the results is more relevant. A deviation of approximately 20 dB is found beyond 300 Hz frequency. 

 

4 Conclusions 

The proposed method, which relies on DES for turbulence, Schnerr-Sauer for cavitation, and 

FW-H for noise prediction, has demonstrated its capability to provide a good indication of the SPL 

generated by cavitating flow. However, some discrepancies were observed, primarily due to the 

incompressible flow assumption and the inability to accurately capture vortex cavitation. The 

comparison between impermeable and permeable surface approaches revealed that the permeable 

approach is more accurate for detecting high-frequency noise. Additionally, the shape of the 

permeable surface was found to impact noise prediction, particularly for pseudo-loading noise sources 

at higher frequencies. 
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Figure 15. Wavelet analysis of the PR acoustic pressure. 

The colorbar at the left indicates the acoustic pressure in 

Pascals. 

 

 

 

Figure 16. Comparison between simulation and 

experimental noise from [11] showing acceptable 

agreement with experimental data. 
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1 Introduction 

Air lubrication is a promising and effective method for reducing the frictional resistance of ships. The 

Damen Air Cavity System (DACS) is an air lubrication system that creates stable air cavities on the 

bottom of a ship, thereby reducing the wetted area of the hull. In literature, it has been observed that air 

lubrication can also change the propulsive efficiency of a ship. Air cavities can decrease the wake 

fraction, (Gorbachev & Amromin, 2012). Furthermore, propeller efficiency might change due to a shift 

in the propeller’s operating point. In the present study, the change is propulsive efficiency for ships with 

DACS is assessed using CFD. 

 

2 Damen Air Cavity System (DACS) 

The Damen Air Cavity System (DACS) is an air lubrication system developed by Damen Shipyards 

Group. Instead of injecting air bubbles underneath the ship, the system creates stable air cavities on the 

flat bottom of a ship. The air cavities separate the ship hull from water and by that effectively reduce 

the wetted area of a ship. This causes a reduction in frictional resistance. The air cavities can be created 

by injecting air behind a cavitator, an obstruction in the transverse direction, which separates the mean 

flow from the wall. The air cavities require side fences (skegs) to remain stable. (Damen Shipyards 

Group, 2023) 

 

3 Method 

An effective approach to assess changes in propulsive efficiency for ships with air cavities is through 

CFD. However, CFD modeling of air cavities is challenging and computationally expensive, primarily 

due to the difficulties in turbulence modeling of multiphase flow and the air-water interface in the 

closure region of an air cavity (Rotte et al., 2019, 2023). A simpler method at lower computational cost 

models air cavities as surfaces with a slip boundary condition (Zverkhovskyi, 2023). Zverkhovskyi 

(2023) used this method to model an inland ship with air cavities. Furthermore, Zverkhovskyi et al. 

(2015) showed good comparison of this method with computational results. However, this method 

requires a priori knowledge of the cavity shape, as air flow is not resolved. The air cavity shape can be 

approximated from experimental data, (Zverkhovskyi, 2014).  The cavities are modeled as flat surfaces 

due to the large length-to-thickness ratio, with the cavitators and side fences omitted for simplicity. 

Added resistance of these appendages can be estimated and included separately. Literature suggests that 

air inflow into the propeller due to air lubrication is minimal (Mäkiharju et al., 2012), a finding 

supported by self-propulsion model tests at Damen. This indicates that air lubrication’s impact on thrust 

deduction and the propeller wake field can be modeled accurately without resolving air flow. 

 

The resistance, thrust, and nominal wake fields of two ships with different hull shapes and propulsion 

configurations—a cruise ship and a general cargo ship—were computed using CFD. The computations 

were performed for both ships, with and without air cavities. Cadence Fine Marine software was used, 

and vessel trim and sinkage were solved to allow dynamic equilibrium. Only half of the hull was 

modeled due to symmetry. Turbulence was modeled using the k-ω SST model, with wall functions 

resolving the boundary layer as the ships were modeled at full-scale. The computational mesh, created 

with Hexpress, consisted of 12.5 and 16 million cells for the cruise ship, and 9 and 14.7 million cells 

for the cargo ship, respectively without and with air cavities. The increased cell count for air cavities is 

due to higher refinement needed for surfaces between cavities. Though no boundary layer exists on the 

air cavities themselves due to the slip boundary condition, a new boundary layer forms on surfaces 

between and behind the cavities, requiring sufficient cells in the longitudinal direction. Figure 1 shows 

the surface mesh on the bottom of the cruise ship with air cavities. 

An actuator disk model is used to model the thrust deduction effect. An axial body-force distribution is 

applied on the actuator disk. The force distribution is axisymmetric and varies in radial direction based 
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on the Goldstein optimum circulation distribution, without any loading at the propeller root and tip. 

Integration of the body forces over the actuator disk volume recovers the prescribed thrust. Tangential 

velocities induced by the propeller are not modelled. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: Surface mesh on the bottom of the cruise ship (half ship) with air cavities. 

 

3 Cruise ship 

The first case study is performed on a cruise ship. This ship has a relatively slender hull shape and a 

small flat bottom area. The ship is a twin-screw vessel with podded propulsion. The main particulars of 

this ship are presented in table1. 
Table 1: Main particulars of the cruise ship. 

 

 
 

 

 

 

 

Model tests of the cruise ship were performed at the Maritime Research Institute Netherlands 

(MARIN). The model test investigation aimed to optimize and determine the gain in propulsive power 

of the Damen Air Cavity System (DACS). Resistance and propulsion tests were performed. Also, 

some runs were made with an underwater camera being present , to investigate the development of the 

air cavities under the ship hull. The underwater camera’s allowed to approximate the cavity length for 

the present analysis. Figure 2 shows the layout of the air cavities on the bottom of the ship.  

Figure 2: Cruise ship: schematic layout of the air cavity system on the bottom. (Blue: air cavities, Red: skegs, 

Green: cavitators) 

3.1 CFD results 

Table 2 compares the resistance components calculated via CFD for the ship without air cavities 

(reference) and with air cavities (air on) at various speeds. No correction is applied for DACS 

appendages resistance. The table indicates that the reduction in frictional resistance remains nearly 

constant across speeds. The relative reduction in friction drag is less than the 16.8% reduction in 

Length waterline [m] 160.7 

Beam [m] 21.4 

Draught 5.15 

Displacement [ton] 11845 

Block coefficient [-] 0.65 
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wetted area, as noted by Zverkhovskyi (2023). This is due to the formation of a new boundary layer 

behind each cavity, increasing local skin friction. Additionally, the table shows negligible changes in 

pressure resistance, except for a 3% reduction at 9 knots, which is not understood. 

Table 3 compares the resistance reduction from CFD with that measured in model tests (extrapolated 

results). In this case, the CFD resistance with air cavities is corrected for DACS appendage resistance, 

which was measured at 2% of total resistance during model tests. The table shows a small difference 

between CFD and model test results, suggesting that resistance reduction from air cavities can be 

predicted relatively accurately with the applied modeling method when the air-covered area is known. 

 
Table 2: Cruise ship: CFD resistance components comparison between the reference case and air on 

 

 Total resistance [kN] Pressure resistance [kN] Viscous resistance [kN] 

vs [kn] Ref Air on Diff. 

[%] 

Ref Air on Diff. 

[%] 

Ref Air on Diff. 

[%] 

9 96.1 86.4 -10.2 21.5 20.8 -3.2 74.7 65.6 -12.2 

11 143.5 130.0 -9.4 34.4 34.2 -0.7 109.0 95.8 -12.1 

14 232.0 210.5 -9.3 59.4 59.0 -0.6 172.6 151.5 -12.3 

17 356.9 325.5 -8.8 106.8 106.2 -0.6 250.1 219.4 -12.3 

19 479.8 440.9 -8.1 170.3 169.3 -0.6 309.5 271.5 -12.3 

 
Table 3: Cruise ship: comparison of change in resistance due to DACS between extrapolated model test results 

and CFD. 

 

 Total (corrected resistance reduction [%] 

vs [kn] Model tests CFD 

11 -9.5 -7.2 

14 -7.7 -7.3 

17 -8.6 -7.0 

 

A comparison between the nominal wake field in the reference case and with air on is presented in 

figure 3. The nominal wake fraction and the thrust deduction factor for both cases are also given in 

table 4. From these results it can be concluded that the nominal wake field is almost not affected by 

air cavities for this ship. This is because the ship’s propellers are located mostly out of the ship’s 

boundary layer. A change in the boundary layer due to the air cavities will therefore not cause a big 

change in the wake field. Also the change in the thrust deduction effect is negligible. This is also 

observed in literature for Russian barges with a large internal air cavity, (Gorabchev & Amromin, 

2012). The same observations for change in thrust deduction and wake field were made during the 

model tests. 
 

Table 4: Cruise ship comparison of CFD results of the thrust deduction and wake factor between the reference 

case and air on. 

 

 (1-t) [-] (1-wn) [-] 

vs [kn] Ref Air on Diff. 

[%] 

Ref Air on Diff. 

[%] 

9 0.914 0.915 0.1 0.914 0.916 0.2 

11 0.911 0.912 0.2 0.914 0.916 0.2 

14 0.905 0.907 0.2 0.916 0.918 0.2 

17 0.899 0.900 0.1 0.915 0.917 0.2 

19 0.895 0.896 0.1 0.917 0.919 0.2 
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Figure 3: Cruise ship: comparison of the nominal wake field at 17 knots. 

 

4 Cargo ship 

A second case study was performed on a cargo ship. This ship has a relatively full hull form and sails 

at a lower speed than the cruise ship. The main particulars of this ship are presented in table 5. In 

contrast to the cruise ship, the cargo ship is a single-screw vessel. 

 
Table 5: Main particulars of the cargo ship 

 
 

 

 

 

 

 

 

 

Figure 4 shows the layout of the air cavities on the bottom of the ship. In this case the cavity length is 

approximated based on the experimental observations of Zverkhovskyi (2014). He observed that the 

length-to thickness ratio of an air cavity is rather constant. Therefore, the cavity length can be predicted 

based on the height of the side fences. 

Figure 4: Cargo ship: schematic layout of the air cavity system on the bottom. (Blue: air cavities, 

Red: skegs, Green: cavitators) 

 

4.1 CFD results 

Table 6 shows a comparison between CFD resistance components (not corrected for DACS appendage 

resistance) between the ship without (reference) and with air cavities (air on). Also for this ship a rather 

constant frictional resistance reduction is observed. Again the relative frictional drag reduction is lower 

than the relative wetted area reduction. Surprisingly, also a reduction in pressure resistance is observed.  

Length waterline [m] 114.1 

Beam [m] 16.5 

Draught aft [m] 5.0 

Draught fore [m] 4.65 

Displacement [ton] 7668 

Block coefficient [-] 0.82 
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This ships experiences flow separation at the gondola. The boundary layer development on the bottom 

of the ship is affected and reduced by the air cavities. In general a thinner boundary layer is less prone 

to flow separation. Therefore the air cavities could cause a reduction in flow separation on the gondola. 

This statement is supported by the fact that the relative pressure resistance reduction decreases with 

increasing speed. Generally the viscous pressure resistance (due to flow separation) is most dominant 

at lower speed. During  model tests on a ship with a large internal air cavity also a reduction in flow 

separation on the stern was observed, (Sverchkov & Borusevich, 2019). Further research into possible 

reduction of flow separation by air cavities is recommended, especially using more sophisticated 

turbulence models. 

 
Table. 6 Cargo ship: CFD resistance components comparison between the reference case and air on 

 

 Total resistance [kN] Pressure resistance [kN] Viscous resistance [kN] 

vs [kn] Ref Air on Diff. 

[%] 

Ref Air on Diff. 

[%] 

Ref Air on Diff. 

[%] 

9.07 79.4 63.2 -20.4 28.6 23.5 -17.8 50.9 39.8 -21.8 

10.67 112.1 93.0 -17.1 42.9 38.8 -9.4 69.3 54.2 -21.8 

11.95 152.1 129.8 -14.7 66.6 62.9 -5.4 85.5 66.8 -21.8 

12.41 181.3 156.0 -14.0 91.9 84.2 -8.4 89.4 71.8 -19.8 

12.97 228.5 201.5 -11.8 128.5 123.5 -3.9 100.0 78.0 -21.9 

 

Table 7 shows a comparison between the nominal wake fraction and the thrust deduction fraction of the 

ship with and without air cavities. Again the change of the thrust deduction effect is negligible. However 

the change in the nominal wake field is significant. A comparison is also made in figure 5. The nominal 

wake field is significantly reduced by air cavities. This can be explained in the following way. The 

boundary layer in the aft region is much thinner due to the air cavities. Due to the air cavities it could 

not grow as much as it would have done without the air cavities. As a result, the average axial velocity 

in the wake field is higher. The structure of the nominal wake field itself is not really affected. The 

higher axial velocity in the nominal wake field will cause a reduction of the hull efficiency. However, 

the resistance reduction is significantly larger than the reduction of the hull efficiency. Therefore, the 

air cavity still causes a reduction in propulsion power. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Cargo ship: comparison of the nominal wake field at 12.97 knots 
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Table 7: Cargo ship comparison of CFD results of the thrust deduction and wake factor between the reference 

case and air on. 

 

 (1-t) [-] (1-wn) [-] 

vs [kn] Ref Air on Diff. 

[%] 

Ref Air on Diff. 

[%] 

9.07 0.810 0.806 -0.5 0.610 0.660 8.1 

10.67 0.809 0.804 -0.6 0.614 0.662 7.9 

11.95 0.809 0.805 -0.6 0.617 0.664 7.6 

12.41 0.812 0.806 -0.7 0.614 0.661 7.7 

12.97 0.815 0.813 -0.2 0.607 0.656 8.0 
 

 

5 Conclusion 

Two ships with air cavity drag reduction were modeled using CFD. For the cruise ship, good 

comparison for the resistance reduction caused by the air lubrication was found between CFD and model 

test results. This means that modeling the air cavities as surfaces with a slip boundary condition is 

relatively accurate, provided that the air covered area is known. For both ships it was observed that the 

change of the thrust deduction effect due to air cavities is negligible. The nominal wake field however 

can be reduced due to the change in boundary layer development caused by the air cavities. The change 

of the nominal wake field depends on the propeller(s) location(s) and the influence of the bottom 

boundary layer on the propeller wake field. However, the reduction of the wake field and hence, the 

hull efficiency is secondary to the resistance reduction so still power savings can be made. 

For further research is recommended to repeat this study with a more sophisticated propeller model, 

e.g. a fully discretized propeller with a sliding mesh. This allows to study the effect of air cavities on 

the effective wake field rather than the nominal wake field. Furthermore, the possible reduction of 

pressure resistance and flow separation due to air cavities should be studied in more detail. A next step 

after this research could be propeller optimization of ships with air cavities. 
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1 Introduction 

Maritime transportation dominates global trade, with oceangoing ships, including container 
vessels, bulk carriers, and tankers, handling most of the freight. However, these large, human-
made vessels require substantial energy, primarily generated by diesel engines. This reliance 
on diesel engines has contributed significantly to CO2 emissions, prompting the International 
Maritime Organization (IMO) to mandate emission reductions across the shipping industry. To 
address this, two primary approaches are being explored: the adoption of alternative fuels, such 
as ammonia, and hydrodynamic retrofitting of ships. The latter includes innovations like Air 
Lubrication Systems (ALS) and wind-assisted propulsion technologies. 

Hydrodynamic retrofitting solutions have garnered significant interest, driving companies and 
industries to develop new methods for implementing these technologies on ships. However, 
engineering the setup for each vessel must be tailored in advance, as each ship exhibits unique 
hydrodynamic behavior. Therefore, before installing retrofitting technologies, a thorough 
understanding of the related fluid dynamics is essential. This requires a hydrodynamic study of 
ships equipped with such systems, which can be performed either via numerical modeling of 
the air-water (+bubble) flow around the vessel or via physical experiments, such as towing tank 
tests. Unfortunately, our understanding of the flow dynamics around ships with air-lubrication 
systems—one of the most promising retrofitting solutions—remains limited, as research in this 
area has only gained momentum in recent years. 

To better understand the problem and move towards numerical modeling, it is essential to first 
review the foundational literature, beginning with early studies from the 1970s. However, the 
Air Lubrication System was proposed a century ago, in 1907 Frederick W. Lanchester [1] 
explored how aerodynamics and fluid mechanics could be applied to watercraft to minimize 
resistance, laying the groundwork for later research on air lubrication systems. Most of these 
studies introduced the concept of drag reduction on wet surfaces through bubble generation. 
Initial experiments were conducted in tunnels or tanks, where symmetric submerged bodies, 
such as submarines, were tested to observe frictional drag reduction. This early research 
sparked more practical studies, where scholars tested ships equipped with air-bubble generators 
on their hulls in towing tank experiments. While experimental research in this field has 
provided valuable insights, it is limited in scope, and conducting new experiments for each 
design can be prohibitively expensive. This is why numerical simulations done using 
Computational Fluid Dynamics (CFD), have become favored for conceptualizing, and 
engineering such systems in the early stages. Although CFD modeling of fluid flow around 
ships without air lubrication has been extensively studied over the past decades, research on 
ships equipped with air lubrication systems (ALS) remains limited. Replicating this problem 
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in a CFD environment is particularly challenging due to the complexity of the system and the 
various methods needed to solve it. Furthermore, few studies have transparently reported CFD 
simulations of ALS-equipped ships. 

To address this gap, this article presents a CFD-based study on ships equipped with ALS, 
offering new findings that can assist other researchers in modeling this problem. The remainder 
of this paper is structured as follows: Section 2 introduces the ship model and provides a general 
overview of the numerical schemes used to solve the problem. Section 3 presents the results 
and compares CFD predictions against towing tank data. Section 4 presents concluding 
remarks. 

2 Methodology 

2.1. Ship Model  

In the present study, a three-dimensional ship model equipped with an air injection chamber at 
its bottom is considered, as shown in Fig. 1(a). Experimental results for the same case were 
reported in [2]. The fluid flow around the ship is simulated in a virtual towing tank via 
computational fluid dynamics. To do so, a computational domain with prescribed boundary 
conditions (BCs) shown in Fig. 1(b) is generated. A symmetry BC is prescribed for the upper 
surface, which cancels out effects of the free surface and wave making resistance. This helps 
us to single out the effects of air injection on the frictional drag. Inlet and outlet BCs are 
respectively set for front and back surfaces. These two surfaces are set to be 𝐿 and 2𝐿 far from 
the ship to avoid the influence of these boundaries on the results, where L represents the length 
of the ship model.  

  

 

 

 (a)  

 

 

 (b)  
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Surface 
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Fig.1 (a) Geometry of ship model, (b) Numerical computational domain. 

2.2 Numerical scheme 

The fluid is assumed to be viscous and incompressible. We formulate the fluid motion equation 
using a Eulerian approach. In addition, we expect the fluid flow to be turbulent due to the 
relatively large Reynolds number and the expected fluid regime around the ship. In addition, 
we use a two-phase (air and water) fluid flow approach to model the problem. Hence, the flow 
field around the ship should satisfy the continuity and RANS (Reynolds-Averaged Navier 
Stokes Equation) equations as follows.  

∇. 𝑽 = 0 (1) 

𝜕(𝜌௘௙௙𝑽)

𝜕𝑡
+ ∇ ∙ ൫𝜌௘௙௙𝑽𝑽൯ = −∇𝑝 + [𝜇௘௙௙(∇𝑽 + (∇ ∙ 𝑽)] + 𝜌௘௙௙𝒈 

(2) 

Here, 𝑽 is the averaged speed, and 𝑝 is the averaged pressure, and 𝒈 is the gravity acceleration. 
𝜌௘௙௙ and 𝜇௘௙௙ are the effective density and dynamic viscosity, respectively (as in each cell a 
mixture of air and water would exist). The air-water mixture flow is solved using a volume 
fraction method that introduces an extra conservative equation to the system of equations, 
which is not presented in this paper for the sake of brevity. A realizable k-epsilon two-layer 
turbulence model is used as a turbulence closure.    

The fluid flow around the ship is simulated using the commercial package of Star-CCM+ 
(Version 2402).  

3 Results and Discussion 

In this paper, we present three different sets of results. First, we illustrate the pattern of air 
distribution on the bottom of the ship hull to demonstrate how a realistic pattern can be achieved 
in CFD simulations. Next, we present the drag reduction observed during numerical 
simulations and compare the results against experimental data to validate the model. Finally, 
we show how the addition of appendages to the hull affects the CFD results. 

3.1 Air Distribution Pattern 

The distribution pattern of air emerging on the bottom of a ship following injection is a critical 
indicator that provides valuable physical insights into the problem, helping us understand how 
air injection contributes to drag reduction. Hence, air distribution on the bottom of the ship 
needs to be predicted accurately. The pattern of air distribution on the bottom of the ship is 
expected to form a continuous air layer, which can effectively reduce the drag. One question 
regarding the modeling of fluid flow around a ship under the effects of air lubrication is whether 
gravity needs to be considered to achieve a realistic pattern of air distribution on the bottom of 
the ship. So, we modeled the problem using two different settings: in one, gravity was turned 
off, and in the other, gravity was turned on. Fig. 2 shows the results. As seen, an incorrect and 
unrealistic air distribution pattern is obtained when gravity is turned off, while a realistic 
distribution is achieved after activating the gravity model.  
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The results also closely match those from the numerical simulations in [2]. This phenomenon 
occurs because, in the absence of gravity, there is nothing to drive the air towards the hull 
surface, so the air bubbles tend to collect near the air chamber, but the only exception is the 
low pressure area aft of the inclined arranged strips close to the stern of the model, and 
eventually the air injected disperses throughout the fluid domain rather than forming an air 
carpet. However, under the influence of gravity, the air bubbles generated beneath the ship are 
more likely to rise towards the bottom of the hull, partially drying the ship’s hull. The strips 
close to the stern of the model are higher than the thickness of the air layer and block the 
transport of air towards the transom. 

 

 

 

(a) No gravity model 

 

 

(b) With gravity model 

 

(c) Validation case [2] 

Fig.2 Air distribution at the air flow rate of 8 m3/h and ship speed of 0.542 m/s. 

3.2 The calculated drag reduction  

The effect of the air lubrication system on drag reduction is investigated at various air flow 
rates (ranging from 0 m3/h to 10 m3/h). The drag reduction is quantified as follows: 

∆𝑅 =
∆𝑅௙

𝑅଴
× 100% 

(3) 

Here ∆𝑅௙is the relative friction drag reduction in comparison to the case with no air-injection. 
𝑅଴ is the total drag of the ship model without air injection.  

The numerical and experimental results of the drag reduction rate at Froude number of 0.16 are 
compared in Fig. 3. Here, the drag reduction is plotted versus air flow rate for a complete ship 
model equipped with all strips configured identically to the experimental control case. As seen, 
the frictional drag would reduce up to 15% at very high injection rates, though it converges as 
the injection rate becomes relatively high. The results indicate that having a very large injection 
rate would just waste the energy and does not lead to further drag reduction. 
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We now turn our attention to the accuracy of the numerical model in calculating drag reduction. 
The numerical results seem to follow the experimental data, though they may slightly 
overpredict drag reduction at low injection rates. This can be explained by the nature of the 
numerical model. While the two-phase flow approach helps model the problem at these low 
rates, it does not fully capture the real physics. In the simulations, bubbles are not generated, 
and a homogenous mixture of air and water exits the chamber, whereas in real physical tests, 
bubbles do form. Consequently, the two-phase flow modeling results in a thicker air layer under 
the ship’s hull, leading to a larger drag reduction than observed in the tank tests. 

At higher injection rates, the numerical model does not appear to overpredict the results, which 
is a very promising observation. In these cases, the two-phase model yields a more realistic air 
injection. During physical tests, higher air injection rates resemble the air layer more than 
bubble formation. Therefore, the numerical model produces a similar air layer thickness and 
drag reduction to what is observed in real experiments.  

 

Fig.3 The comparison of drag reduction rates at different air flow rates. 
 

 

3.3 Strips effect 

We now present some results that provide physical insights into the setup used to increase the 
effects of air lubrication. When air is injected, our goal is to prevent its leakage from the sides 
and trap the air beneath the ship. From an engineering perspective, this is achieved by adding 
strips to the hull to control airflow and stop it from escaping. In the experimental tests 
conducted in [2], two side strips, one middle strip, and two inclined strips were installed on the 
ship model. We have run simulations both for a bare ship with no strips and for a ship equipped 
with these strips. 

When these strips were added to the numerical model in the CFD tank, the drag reduction was 
found to be more significant. The installation of inclined strips, by facilitating the escape of air 
along the sides of the ship's hull, helps to make the friction drag more dominant and mitigate 
the effect of air on the pressure drag at the stern. 

Figure 4 shows examples of the time history of shear drag developed on the hull surface of the 
ship under air injection, both for the bare hull and the hull equipped with strips. The results 
correspond to the Froude Number of 0.10 and the air flow rate of 10 m3/h. As seen, the case 
with the ship equipped with strips exhibits lower shear drag. 



26th Numerical Towing Tank Symposium (NuTTS) 
23-25 October 2024 - Duisburg, Germany 

6 
 

 

Fig.4 Impact of strip installation on shear drag at a flow rate of Q = 10 m³/h 

4 Concluding remarks 

This study presents a detailed CFD analysis of air layer drag reduction based on early CFD 
simulations of drag reduction for a flat-bottomed ship hull equipped with an air-lubrication 
system, conducted using Star-CCM. The fluid flow is modeled using a volume fraction method. 
The results indicated that the CFD model can predict the drag reduction up to 15% at the highest 
considered airflow, which is like what was measured at experimental tank tests. The simulation 
results closely aligned with experimental data, yet the model was seen to slightly over-predict 
drag at low injection rates.  

Additionally, it was shown that activating gravity in CFD modeling of the problem allows for 
prediction of a more realistic pattern of air distribution on the bottom of a ship equipped with 
an air lubrication system. Additionally, it was demonstrated that when the problem is solved 
using the CFD model, strips need to be added to the ship hull to effectively address the 
influences of friction drag on the numerical results.  

Future work will focus on using the Eulerian Multiphase (EMP) model for simulating the 
problem, providing a significant opportunity to compare the capabilities of EMP with those of 
the Volume of Fluid (VOF) method. This will also involve a numerical evaluation of the wave 
effects on the performance of air lubrication systems (ALS). 
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ian.hubbard@wartsila.com

1 Introduction

Predicting cavitation erosion and propeller noise requires accurate prediction of the vapor volume and
its dynamics around the propeller blades. Ship scale validation of cavitation dynamics and its nuisance is
therefore very important; however, few validation cases can be found in the literature. Melissaris et. al.
(2022, 2023) have compared the erosion risk on the propeller blades of several full-scale propellers and
thruster units, using a novel erosion model developed by Schenke et al. (2019) to validate the predicted
cavitation impact loads, and compare them with the actual erosion on the real surface. In Melissaris and
Hubbard (2024), a first attempt at identifying the limit above which cavitation starts to become erosive
has been carried out on various full-scale test cases, where numerical instabilities that could result in
abnormally higher energy radiation may potentially depicting a distorted erosion energy assessment.

Lower mesh quality, high cell curvature, as well as the incompressibility of the liquid phase, may
lead to extreme pressure changes. Despite cell quality filtering efforts, these corrupted cell pressures
remain in the final solution and pollute the results. Manual filtering of such cells becomes case-by-case
dependent and too involved for the analysis at hand, hence an unsupervised machine learning approach
from the field of anomaly detection; Isolation Forests (IF), was implemented allowing for an automated
detection scheme of such corrupted cells with success in de-noising the results.

The drawback of using IF is that there is a possibility of mis-identifying high intensity, highly local-
ized impact loads as anomalies which instead should not be discarded. In attempt to circumvent this issue,
another unsupervised method is tested and compared against the isolation forests on available test cases
and the suitability of their usage is then further outlined. A relationship-based approach is attempted
in the form of an autoencoder (AE) neural network architecture (Hawkins, 2002), proven successful in
Gupta et al. (2024), albeit for a different application. The aim of the approach, at a high level, is to utilize
the networks feature extraction ability on the dataset and respective energy distribution in a more robust
and generalized way. The intention is to then be able to better and more reliably isolate true anomalies
(corrupted cells), without also mis-identifying true high intensity collapse events.

2 Case overview

Erosion risk assessment has been performed in four different propeller designs and eight different op-
erating conditions in total. All four propeller designs have exhibited erosion on the pressure side of the
blades. One of the designs operates partly at an operating condition with large amount of suction side
cavitation (C8). However, there are no signs of erosion on the suction side on this blade. Therefore, that
design should show the lowest risk for erosion. The other seven operating conditions should demonstrate
a higher erosion risk on the blade surface. An overview of the designs and the operating conditions are
given in Table 1. It should be noted that all the thruster cases concern open water simulations without
the presence of the hull geometry, and it has been assumed that the housing of the thruster unit is mainly
responsible for the velocity variation on the propeller plane. On the other hand, test cases C5 and C6
were simulated behind the actual vessel geometry, and the ship wakefield was therefore considered.

To determine the erosion risk, the radiated surface energy es is derived from the CFD solution using
cavitating flow conditions where, the energy content radiated by the collapsing cavities within a pre-
scribed volume around the blade is collected over a revolution and projected to the blade surface through
a volume-to-surface methodology, further outlined in Schenke et al. (2019). The radiated surface energy
distribution on any given blade has been non-dimensionalized in order to make a fair comparison of
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Fig. 1: Example AS ENon distributions over the percentage impacted surface area and over the blades.

energy levels between an individual blade design and another, detailed in Melissaris & Hubbard (2024)
and the non-dimensional surface energy is given as follows,

AS ENon =
es

ρA f n2D3

Where A f the surface cell face area, n is the propeller rotational velocity, D the propeller diameter and
es is the radiated surface energy, further detailed in Schenke et al. (2019). An example of the distribution
of AS ENon over a blade design is shown in Fig.1. Here designs C2 and C5 are shown and the areas
of the blade in which are exposed to higher intensity surface accumulated energies can be identified.
Furthermore, the risk energy levels as raw data distributed over a percentage of the blade area are also
shown.

Table 1: An overview of the propeller designs and the different operating conditions.

Type Dprop [m] RPM Ship Speed [kn] Erosion
C1 Thruster 3.0 217.7 0 Yes (PS)
C2 Thruster 3.0 217.7 0 Yes (PS)
C3 Thruster 3.0 217.7 7 Yes (PS)
C4 Thruster 3.0 217.7 0 Yes (PS)
C5 Open 5.6 134 13.5 Yes (PS)
C6 Open 5.6 134 13.5 Yes (PS)
C7 Thruster 2.6 256 0 Yes (PS)
C8 Thruster 2.6 256 10 No

When attempting to judge this risk energy against a threshold energy level, the raw data may have
skewed results due to potential numerical instabilities in the solution. Lower mesh quality, high cell
curvature, as well as the incompressibility of the liquid phase, may lead to extreme pressure changes.
Despite cell quality filtering efforts, these corrupted cell pressures remain in the final solution and pollute
the results as shown in Fig.1 for lower percentages of the blade area. Manual filtering of such cells
becomes case-by-case dependent and too involved for the analysis at hand, with the data sets containing
≈150k-350k data points in each analysis. Hence, an unsupervised machine learning approach from the
field of anomaly detection has been implemented allowing for an automated detection scheme of such
corrupted cells.

3 Unsupervised Learning & Methodology

In contrast to supervised learning, which is typically used in regression type tasks containing target
prediction data which has been labelled, in unsupervised learning, a model is instead trained using unla-
belled data in order to exploit underlying patterns and extract features within the context or distribution
of the data itself. This is particularly useful for anomaly detection. A machine learning type model can
be fed a dataset not containing any labels (i.e. whether a data point should be an outlier or not) and then
be subsequently used to identify which data points seem to be anomalous within that dataset. Various
algorithms can handle this separation between data points that fit the data’s distribution and those that do
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not. In this paper, two approaches are investigated, a decision-tree based approach via Isolation forests
(Lui et al. 2008) and a relationship-based approach using autoencoder neural networks (Hawkins, 2002).

Isolation forests (IF) process the training data and detect anomalous points within such data using
a decision-tree approach further outlined in Lui et al. (2008). An important parameter of the algorithm
is the contamination threshold T , which is used to adjust the percentage of data points expected to be
anomalies in the dataset. This can be a sensitive parameter and taking too high a value can lead to the IF
over-marking anomalies, while a small threshold can lead to missing outliers. In Melissaris & Hubbard
(2024) an IF was used with a contamination threshold T = 0.005 which was found to be conservative
enough to mark the outlier numerical instabilities in the solution, but not perfectly as in some cases,
outliers were marked in the region of expected high intensity impact loads. The results of Melissaris &
Hubbard (2024) using an IF will be the base line comparison here.

To compare against the IF, a relationship-based approach using an autoencoder (AE) will be used.
As described in Burkov (2019), autoencoders utilise a feed-forward neural network architecture

fl(X) = σl(Wl · fl−1(X) + bl)

where σl is the activation function, Wl the weight matrix and bl the bias of the lth layer in the model.
This network is trained to reconstruct its input, with a training set consisting of (X, X). The hidden layers
of the network are connected in an hour-glass fashion, exploiting dimensional reduction. This structure
contains two sections, the encoder and the decoder. In the encoder, the input vector X is compressed
in each ith layer to a reduced dimensionality towards the centre layer, known as the embedding layer.
The decoder stage then aims to decompress the information from the embedding layer back to the input
vector dimensionality, attempting to reconstruct the entire input vector. The reconstruction will have a
form of compression loss and will not be perfect. This reconstruction error can be determined by the
Mean Squared Error between input vector X and its reconstruction X̂ = f (X) given as;

ϵ =
1
n

n∑
i=1

∣∣∣∣∣∣Xi − X̂i
∣∣∣∣∣∣2

where n is the sample size and Xi and X̂i represent the input and reconstruction vectors respectively.
In this study, the autoencoder architecture considered here consists of 5 layers, 2 in the encoder, 1 embed-
ding layer and 2 in the decoder. The encoder layers are L2 regularized. The well known Adam stochastic
optimizer is used in the weight optimization together with ReLU activation functions within the layers.
A scheduled variable learning rate is used during training, starting from 5e-5 to as low as 1e-7 and the
loss function is also taken as MSE.

In order to determine the outliers from the reconstruction error, a statistical filtering approach is
applied on the resulting ϵ reconstruction error distribution. This can be done using a percentile or a
confidence interval (CI) method. When using a confidence interval, a normal distribution is fit to the
resulting reconstruction errors and using the determined confidence interval as a threshold, error values
falling outside of the interval threshold can be identified as anomalous. To avoid making assumptions
about the normality of the error distributions, a percentile method has been implemented in this study.
This approach does not require the data to follow a normal distribution and is more interpretable than
using a confidence interval. Taking lead from Gupta et al. (2024), errors beyond a 99th percentile thresh-
old have been considered. The errors falling outside this threshold are then marked as outliers and then
removed from the AS ENon data in order to re-evaluate the energy distribution.

4 Results & Discussion

In the initial application of a 99th percentile starting point on the reconstruction error, ϵ appears to be an
excessive threshold for identifying true outliers, as a significant amount of data is marked as anomalous.
To sufficiently identify the outliers, the threshold needs to be adjusted to a lower percentage of errors
such as a 99.9% threshold for instance. This however, may be too low or high, under- and over-detecting
the anomalies in different cases and also introducing the need for the tuning of the AE embedding layer
compression and hyper-parameters in addition for each case being investigated. On a case-by-case basis,
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(a) Detected outliers in same design for conditions C1-C4 (b) Detected outliers for the other designs C5-C8

Fig. 2: Comparison of outliers detected in the AS ENon data by both IF and AE methods, marked in red

the amount of adjustment to the AE architecture and to the threshold required is non-trivial, as it requires
manual trial-and-error intervention using the visual inspection of the error distribution as a guide.

The aim of this detection methodology is to have a more generalized approach, which can be applied
to any resulting blade design and operating condition to remove any numerical errors present in the final
solution. If there is a need for visual inspection of the resulting ϵ distribution, followed by a threshold
adjustment on a case-by-case basis, then this algorithm and approach would not be fit for our purpose.
To avoid this and generalize the AE methodology, a two-stage filtering has been attempted. Here, the
first stage gathers the reconstruction errors from the 99th percentile threshold, then a new 99th percentile
threshold is applied from the already isolated reconstruction errors. This new threshold is re-applied to
the AS ENon data to detect the outliers.

The comparison of the detected anomalies in the data for both the IF and the AE using the two-
stage filter are shown in Fig.2 (a,b). The AE has a lower marking rate of false positives, especially
when it comes to the marking of points in the regions of high energy intensity. Based on the current IF
contamination threshold, a larger quantity of points are obtained from the high-intensity regions, resulting
in them being falsely marked as anomalies. This current state affects the gauging of the AS ENon erosion
risk threshold, as the over-marking by the IF reduces the energy content on the lower % blade area
notably for most designs, shown in the side-by-side comparisons of both methods in Fig.3.

While the amount of anomalies detected in the regions of high impact have been reduced (cases C2,
C6, C7, C8) or even not considered any more such as in case C5 (see Fig.2(b)), there still remains to
be some points in these regions. It may be observed that for particular designs & conditions such as
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(a) Raw Data
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(b) Isolation Forest (IF)
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(c) Autoencoder (AE)

Fig. 3: Surface energy over the percentage of the impacted surface area comparing the raw data to the
data after outlier detection has been applied for both IF and AE approaches.

in C2, the highest errors are found in the high-intensity region for both the IF and AE. When further
inspecting the distribution of ϵ from the AE, shown in Fig.4(a), the resulting error distribution appears
to be smoother and more closely clustered than in C8 as a comparison example in Fig.4(c). This could
be for various reasons, such as that there are potentially no highly corrupted cells, containing numerical
instabilities for this particular case, implying that the highest intensity events are being marked as outliers
since they are the hardest to reconstruct accurately by the AE. Alternatively, these energies could be
actual outliers that have been introduced from a corrupt cell within the volume and cavitation volume,
subsequently projected to surface during the volume-to-surface projection step of the erosion energy
methodology. Further work will be done to identify whether this is the case or not and whether anomalies
should be identified per time step within the volume, rather than at the end during the final energy
projection to the blade surface.

5 Conclusion

In this study, two unsupervised algorithms have been applied on accumulated surface energy data, ac-
quired from cavitating RANS-based calculations for various blade designs and operating conditions.
These algorithms have been successfully applied in order to automatically identify numerical instabili-
ties from the results, which are evidently polluting the final erosion assessments. In general, both the AE
and IF perform similarly on the task, however the AE provides additional information, interpretability
and flexibility in comparison to the IF, due to the two-stage statistical filtering approach utilized here.
When using the AE, the regions of interest (i.e. the impact areas) can be automatically identified and
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Fig. 4: Comparison of distribution of reconstruction errors for blades C2 and C8 and the corresponding
outliers marked on the blades by the two-stages of the 99th percentile thresholds.

isolated if needed within the first stage, and furthermore the percentile method, more specifically in the
second filtering stage, offers more flexibility and accuracy in identifying the outliers. The two-stage filter-
ing approach effectively generalizes the AE methodology, removing the need for individual fine-tuning
or modifications. This results in a more robust detection of outliers compared to the IF method, which
may require case-by-case tuning of the contamination parameter. Consequently, the AE method signif-
icantly reduces the chances of misidentifying regions of interest as outliers. Using both methods have
shown however that there still are some common issues when anomalies are found in the high-intensity
regions, prompting the requirement for further study into the current energy accumulation methodology.
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1 Introduction

Optimizing the hull forms of Very Large Bulk Carriers (VLBCs) is crucial for enhancing efficiency
and reducing fuel consumption in the maritime industry. In today‘s competitive shipping environment,
even minor improvements in vessel performance can lead to significant cost savings and reduced en-
vironmental impact, making the pursuit of optimized hull designs increasingly important. This need is
further amplified by the International Maritime Organization‘s (IMO) new regulations on greenhouse
gases (GHGs) emissions (IMO, 2023), which mandate stricter limits on the carbon footprint of ships.
These regulations propel the necessity for innovative solutions in ship design projects in order to meet
environmental standards while still ensuring that the ships remain economically viable.

Traditional ship design approaches often lack the precision and flexibility needed to address the
complexities of modern ship geometries and operational conditions, so this paper presents a method
for assessment of novel bow forms of Newcastlemax bulk carriers by integrating parametric modeling
with Computational Fluid Dynamics (CFD). This is a Simulation-Based Design (SBD), an invaluable
design approach to Naval Architecture. The parametric modeling is conducted using CAESES (CAE
System Empowering Simulation), a powerful tool that enables a comprehensive exploration of the design
space. Through CAESES, hull parameters can be systematically varied to identify the most effective
configurations, leading to smooth surfaces based on F-Splines. CFD is then employed to accurately
predict hydrodynamic performance, guiding the iterative refinement of hull form designs.

2 Methodology

The generation of the parametric model in CAESES involves five stages: defining the parameters and de-
sign variables; creating the basic longitudinal curves, as well as the auxiliary ones; creating the sections;
generating the surfaces; and constructing the solid model. This approach has been done and described by
Harries (1998; 2011), Sanches (2016) and others. A traditional Newcastlemax hull form was used as the
basis for the parametric modeling.

In the first stage, the design variables and parameters are defined. The design variables are usually
the main dimensions of the hull and the parameters are derived from the design variables. For example,
the length of the parallel middle body (LP) is a function of the length between perpendiculars (LPP), a
design variable.

The main design variables that control the parametric hull globally - meaning that they are not asso-
ciated with only one longitudinal curve - are the main dimensions, the lengths of the entrance and run
bodies and the position of the stern: length overall (LOA); length between perpendiculars (LPP); beam;
draft; height; length of the run body (lAftBody); length of the entrance body (lFwdBody); and position
of the transom stern (xTransom). Overall, 50 parameters control the hull shape, including global param-
eters - meaning that they are not associated with only one longitudinal curve - and the local ones, used to
control the shape of the hull in specific areas. Being the majority of the longitudinal curves F-Splines, the
local parameters are their start and end positions, as well as the angles of such curves at those positions.

The longitudinal and auxiliary curves used in the present work are F-Splines and NURBS. The second
stage is the generation of such curves, as shown in Fig. 1: (1) Midframe; (2) Stem; (3) Flat of Bottom
(FOB), the curve on the z = 0 plane; (4) Deck Line; (5) Flat of Side (FOS); (6) Transom Stern; (7)
Center Plane Curve (CPC), the curve defining the aft body, especially the bulb; (8)-(10) Diagonals:
Auxiliary curves for the aft body; and (11)-(13) Isos: Auxiliary curves for the forward body. The red
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curves represent the sections, generated only in the aft body due to its inherent complexity. These curves
are created using the vertical angle distribution - referred to as splay in the present work - along the
longitudinal curves. The splay angles at the third section are shown in Fig. 2.

Fig. 1: Parametric longitudinal curves.

Fig. 2: Definition of the splay angle.

The surfaces that form the parametric hull model are generated during the fourth stage. These sur-
faces are either constructed using the ruled method or Meta Surfaces. The first is used in the construction
of simple surfaces (parallel middle body, FOS, FOB, and stern bulb), while the second is used for the
forward body (2 meta-surfaces) and aft body (8 meta-surfaces). The ruled method simply involves gen-
erating a linear surface between two arbitrary curves, while the Meta Surface is inherently complex and
requires three steps:

• Curve Definition: first, the curve (section) is defined through a feature. A feature is a code, written
in the specific language of the software, that takes input data (parameters) and uses them to con-
struct the desired curve. For example, when defining a cross-section represented by an F-Spline,
four basic inputs are required: the start point, the end point, and the slope of the curve (splay) at
both points.

• Definition of Parametric Distribution Curves: The parameters used as input data in item 1 vary
along the longitudinal direction of the hull. The parametric distribution curves define how this
variation occurs. The so-called curve engine links the base curve (section) to the parametric distri-
bution curves (longitudinal variation of the points and angles of the section).
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• Generation of the Meta-Surface: The meta-surface uses the data from the curve engine for its
generation. After that, the meta-surface is represented as a NURBS surface, a standardized type of
surface that can be used by other CAE software.

The parametric hull surfaces are shown in Fig.3. The colors of such surfaces are selected in a way
that it expresses their complexity: the light gray ones are ruled surfaces, namely the FOB, the parallel
middle body; the FOS; and the stern bulb; the gray ones are the two meta surfaces in the entrance body,
which don’t need predefined sections to be created; and the dark gray ones are the nine meta surfaces that
compose the run body and present higher complexity. The solid parametric hull is generated by simply
mirroring these surfaces and closing the rear end and the deck with flat surfaces.

Fig. 3: Hull parametric surfaces.

A significant portion of the parametric models generated throughout this work exhibit variations in
their Sectional Area Curve (SAC). The SAC is of utmost importance to the naval architect as it represents
the distribution of the ship’s displaced volume along the longitudinal axis. In other words, each point on
the curve corresponds to the cross-sectional area at that specific position. Thus, the area under the SAC
equals the ship’s displaced volume, and the x-coordinate of the centroid of this area corresponds to the
LCB (Longitudinal Center of Buoyancy).

The lengths of the entrance and run bodies roughly correspond to the positions of the shoulders at the
forward and aft sections of the ship, respectively. Fig. 4 shows the SAC of the Newcastlemax in project,
where the red points delineate the lengths of the parallel body (LP), entrance body (LE), and run body
(LR), as stated in Eq. (1). The area of the midship section is denoted as AM.

LPP = LR + LP + LE . (1)

Fig. 4: Sectional Area Curve.

The Generalized Lackenby Method was employed to shift the LCB forward or aft while preserving
the hull’s overall shape and displacement. This technique allows for targeted variations to assess hydro-
dynamic performance without significantly altering the vessel’s form, as it only changes the centroid of
the SAC.
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All CFD simulations in the present work were performed under calm water conditions and with
a stationary hull. Each simulation used 128 cores and Star-CCM was used. The software has only a
frictional (RF) and a total pressure resistance (RP) as the output, so in order to obtain the viscous pressure
resistance (RVP), a two-step approach was adopted.

The first step involved a symmetry simulation, where the flow was steady, and there was no free
surface. This setup allowed the calculation of the frictional and viscous pressure resistance, focusing
mainly on the hull interactions with the fluid around it. In the next step, an unsteady simulation with a free
surface and using the Volume of Fluid (VOF) method was done. This part was crucial for determination
of the wave-making resistance, as it accurately represents the interaction between the hull and the water
surface, including the creation of waves. In this study, the SST k − ω turbulence model was employed
to simulate the flow dynamics around the hull. To discretize the terms of the governing equations, the
Upwind method was used. For the pressure-velocity coupling, the SIMPLE algorithm (Semi-Implicit
Method for Pressure-Linked Equations) is employed.

In all simulations the same meshing methods were used: Surface Remesher for the surface mesh,
Trimmed for the volumetric mesh and the Prism Layer mesher for capturing the phenomena on the
boundary layer. The mesh was refined near the hull and in the free surface, in order to capture the
complex flow in such regions. The total cell count stayed between 7 to 8 million to balance precision
with computational efficiency, one of the main trade-offs of CFD (Larson; Stern; Bertram, 2016). Fig.5
shows the domains and 3D mesh views of both simulations.

Fig. 5: (a) Domain - Symmetry - S, (b) Mesh - Symmetry, (c) Domain - Free Surface and (d) Mesh - Free
Surface.

3 Results

This study involved three key steps: first, the validation of a parametric model by comparing it to the
original Newcastlemax hull (called 350); second, the analysis of how the LCB influences resistance,
guiding the development of new bow forms; and third, the evaluation of two novel bow designs against
the original one, with a focus on identifying the most efficient configuration in terms of the effective
power. All simulations were conducted at a ship velocity of 14 knots.

The parametric model was validated by comparing its performance with that of the original hull. The
two hulls are not identical, as the original hull provided only the main parameters and the positions of key
points in the lines. Any parametric model will inherently differ from the original hull design; otherwise,
it would represent a traditional approach rather than a parametric one. Even with such differences, the
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variation in the displacement was only −0.4%∆350, which is reflected in the small differences between
their Normalized Effective Power (NEP = E f f ectivePower/∆), as shown in Fig.7.

The parametric model generated has an LCB of 3.45%F. By changing and analyzing the LCB posi-
tioning within the parametric model, it was verified that a shift towards the bow (400PM, LCB = 4.0%F,
Fig.6(b)) resulted in a larger wave-making resistance and a diminished viscous pressure resistance, with
the opposite being true for a shift towards amidships (200PM, LCB = 2.0%F, Fig.6(a)). This finding was
crucial in guiding the design and evaluation of novel bow forms.

Fig. 6: Generalized Lackenby: (a) 200PM and (b) 400PM.

Analyzing the results in Fig. 7, it is clear that at 14 knots, the wave-making resistance of the New-
castlemax constitutes a significant portion of the total resistance. Therefore, two novel bow forms for a
VLBC were analyzed: a spoon bow, a subtype of the cylindrical bow named for its spoon-like shape; and
a bow called SEA-Dao, which has an entrance angle of 0◦ at the Design Water Line (DWL).

The spoon bow was considered for its potential to generate a smoother flow around the hull, while
the SEA-Dao was selected for its shape, which is designed to allow the entrance body to cut through
the water more effectively. The spoon bow hull has an LCB = 3.67%F, which means that it should have
a larger wave-making resistance. However, the results (Fig.7) and the analysis of the flow around the
hull show the contrary: due to the smoother flow over the entrance body, the wave-making resistance
decreases. The viscous pressure resistance decreases with the larger LCB, as expected. The analyses of
the free surface around the original and spoon hulls are shown in Fig.8 as the height of the generated
wave divided by the draft (h/T ). The SEA-Dao bow hull has a larger wave-making resistance and is
discarded.

Fig. 7: Normalized Effective Power of the hulls.
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Fig. 8: Free surface analysis: (a) Original - bow view, (b) Spoon - bow view, (c) Original - top view and
(d) Spoon - top view.

For the Newcastlemax operating at 14 knots, wave-making resistance plays a significant role in the
overall ship resistance. Due to their size and large block coefficients, this component of resistance is
usually considered negligible in VLBCs. However, this paper demonstrates that it is not negligible, and
therefore, an optimized bow form can be of utmost importance - particularly in today’s context, where
any reduction in effective power is highly valued.

4 Conclusion

The Newcastlemax hull with the new bow form showed more than a 10% reduction in wave resistance,
making it an extremely desirable option in bulk carrier ship design. The next steps towards a full op-
timization of the hull would be an analysis of the run body forms, focusing on the viscous pressure
resistance reduction; alongside a hull-propeller integration procedure. Additionally, exploring the inter-
action between hull form and varying operational conditions, such as different speeds and sea states, will
be crucial.

Finally, integrating this optimization with considerations of structural integrity and cargo capacity
will guarantee that the Newcastlemax design remains not only efficient but also practical and feasible
for bulk carrier operations. This holistic approach to optimization could lead to a new standard in VLBC
design, balancing hydrodynamic performance and operational efficiency.
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1 Introduction

Hydrofoils are streamlined bodies that operate below or in the vicinity of a free surface and are intended
to generate large lift forces while keeping drag forces low in comparison. As such, their lift-to-drag
ratios can be considerably larger than those of typical high-speed craft (McLeavy (1976)). Tradition-
ally, the limited operating regime of hydrofoils has prevented their widespread use within industry.
But, high-fidelity tools, such as computational fluid dynamics (CFD), have made it possible to sim-
ulate the important physical effects of hydrofoils (Matveev et al. (2019),Wheeler and Matveev (2023)).
As such, it seems as if hydrofoil operating regimes have become more understood and their overall use is
growing (Hydrofoil Boats (2024)), and the need for finding optimal hydrofoils is increasing. Traditional
hydrofoil optimization has been problematic for two reasons: first, the parametric space is typically
defined within a systematic series (e.g. NACA) and the optimal shape is therefore constrained within
the bounds of the foil series; secondly, optimizations have historically focused on a single operating
condition (Malathi et al. (2016)). Garg et al. (2015) performed a multi point optimization of a tapered
NACA foil but used an adjoint technique to overcome the restriction of systematic series parameteri-
zation. However, adjoint methods are not typically well suited for multi-phase applications, so the use
of these methods are difficult to apply for surface piercing foils where ventilation and cavitation may
need to be explicitly modelled. This study focuses on creating the framework for optimizing a surface-
piercing hydrofoil across multiple angles of attack while utilizing a parameterization technique that does
not confine the foil to a systematic series. The framework is employed on a practical example by utilizing
a commercial CFD tool on a previously well studied hydrofoil that is subject to ventilation phenomena.

2 Geometry and Numerical Model

The hydrofoil investigated in this research is a high lift hydrofoil and has a section profile originally
studied by Wadlin et al. (1955) . Wheeler and Matveev (2023) performed several investigations on this
foil in surface piercing conditions. The foil section is shown in Figure 3. In this study, the foil is placed
in a completely vertical orientation and the chord of the foil is fixed to 0.5 m. The length of the foil is 3
m, with 2 m placed below the nominal free surface. The speed of the incoming flow was set to 10 m/s,
the lift force is defined as the force perpendicular to the incoming flow, and the drag force is defined as
the force acting parallel to the flow.

Wheeler and Matveev (2023) performed extensive validation studies with this foil, and numerically
modelled hysteresis and ventilation effects of surface piercing foils were analyzed in great detail in their
other study (Matveev et al. (2019)). The numerical modelling techniques used in these studies are largely
the same as performed in those investigations. Simcenter STAR-CCM+ 2310 was used to create the
CFD models. A single region model was created that employed a first order, implicit time discretization
scheme with a time step of 0.001s. 2nd order upwind convection schemes were applied to the remaining
equations. The realizable 2 layer all Y+ K-ε RANS-based turbulence model was used. The free surface
was modelled using the single-step VOF technique with the HRIC scheme. Parametric-based volume
refinements were placed in the domain to ensure adequate mesh resolution for all foils examined in this
study, using a base mesh size of chord / 100 as the smallest meshing parameter. The prism layer mesh
used 6 layers with a stretch factor of 1.5 to capture the boundary layer and employed wall functions with
a target Y+ of 50. Typical meshes used in the study can be seen in Figures 1 and 2.

Simulation operations available within Simcenter STAR-CCM+ were used to remesh and run the
model between 0◦ and 25◦ angle of attack for all geometries studied. The angle of attacks were varied
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systematically and would promote a more wetted foil if hysteresis effects were of concern (i.e. a single
operating point being able to operate in a ventilated or wetted state). CAD geometry was created in
Siemens NX and transferred into Simcenter STAR-CCM+ using the NX CAD client.

Fig. 1: Mesh of domain and volumetric refinements Fig. 2: Section of mesh near foil

3 Parameterization

A suitable parametric model was created using the popular class function shape function transformation
(CST) technique described in Kulfan and Bussoletti (2006). The parametric curve is defined as the prod-
uct of a class function which is taken as a constant and a shape function which is taken as the weighted
sum of the Bernstein polynomials of a specified order. The individual polynomial weights are the pa-
rameters used to modify the geometry. The baseline design is created by extracting the coordinates of
the Wadlin geometry and performing a least squares fit of the individual Bernstein polynomial weights
to these coordinates. A single parametric CST is used for the suction side and a separate one is used for
the pressure side. With 7th order Bernstein polynomials used for both CSTs a final parameterization with
17 degrees of freedom is the result (16 shape function weights and the trailing edge thickness). Figure 3
shows the construction of the parametric Wadlin model. The upper left chart shows the unweighted Bern-
stein polynomials while the upper center and upper right charts show the weighted basis functions for the
suction and pressure shape functions respectively. The resultant shape functions and the final parametric
Wadlin geometry are shown in the bottom left chart. The local error between the parametric hydrofoil
and the original Wadlin coordinates are shown in the bottom right chart. The error is everywhere less than
15/10,000ths with the majority of the surface having an error less than 5/10,000ths. The CST parametric
profile was then drawn in the commercial CAD package NX to create the final geometry to be used for
the CFD calculations. The upper and lower bounds of the 17-dimensional parameter space were taken to
be ±50% of the baseline values determined by the least-squares fit.

4 Optimization

Simcenter STAR-CCM+ includes access to automated design exploration techniques such as optimiza-
tion. The hybrid-adaptive global search algorithm SHERPA was selected for the current work. SHERPA
is a proprietary algorithm intended to search large and complex design spaces without the need for model
simplification or design space reduction as these can significantly limit potential design improvements.
The search processes is characterized by the simultaneous deployment of multiple search techniques
from among those included in the SHERPA algorithm. This selection includes various global and local
search techniques. Each technique is dynamically tuned to the specific optimization problem at runtime
by the algorithm itself. A well-posed problem statement in the form of design parameters Pi and bounds
for each parameter, objectives, constraints, and a total number of design evaluations allowed for the op-
timization is required. The current work investigates the hydrofoil performance at angles of attack from
0◦ to 25◦ in 5◦ increments which results in 6 distinct operating conditions with 6 associated Lift (L) and
Drag (D) values. The optimization problem statement is given in Eq. (1). A weighted sum is applied
so that design performance is reduced to a single function of all objectives and constraints which is to
be maximized by SHERPA. All operating conditions and Lift and Drag values were considered equally
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Fig. 3: Wadlin hydrofoil geometry with least squares fit CST parameterization and resultant error

important. SHERPA was allowed 135 designs for the optimization.

min
Pi



D00
D05
D10
D15
D20
D25

max
Pi



L05
L10
L15
L20
L25

s.t.


L15
L20 ≥ 40, 000 N
L25

(1)

5 Results

The baseline geometry was shown to be infeasible due to violations of the lift constraints at 20◦ and
25◦ angle of attack. A first feasible design (satisfying all constraints) was identified within the initial
generation of designs explored. In total 76 feasible designs were identified during the study and the
best design found was design 121. Figures 4 and 5 show the history of Drag and Lift values for the
optimization study. The geometry of the best design as compared to the Wadlin geometry is shown in
Fig. 6. The Wadlin is in red and the best design is in blue. The center chart compares the shape functions
for the upper and lower surfaces between the two designs and the right chart compares the thickness
and camber distributions. It is noted that the best design has the effect of shifting both the thickness
and camber distributions towards the leading edge; the maximum thickness and camber are also slightly
increased.

Fig. 4: Optimization drag history Fig. 5: Optimization lift history
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Fig. 6: Comparison of baseline hydrofoil geometry with best design found by SHERPA optimization

Figure 7 is a parallel coordinate plot of the parameter space explored by the optimization. Each
vertical axis represents one of the 17 parameters and the lines that traverse the axes’ are individual
designs. L0 - L7 are the basis function weights for the pressure side CST while U0 - U7 are those
of the suction side. The axes bounds represent the full parameter space available to SHERPA for the
optimization. The black line down the center shows the parameter values of the Wadlin geometry and
the gold line shows the value of all the parameters for the best design. It is seen that for many of the
parameters the best design is at or near either the min or max value of the parameter space. This could
indicate that additional performance gains may be available by expanding the bounds of the parameter
space, especially for those that have settled at the max or min.

Fig. 7: Parallel coordinate plot of the optimization parameter space.

The best design satisfies all constraints and achieved an improvement in 8 of the 11 objectives, with
the remaining 3 seeing some degradation. A detailed comparison of the forces at all angles of attack is
given in Table 1. Any decreased performance in an objective, or values that violate constraints, are in red
while objectives that show improved performance are in green.

The performance improvement of the best design was due to the flow speeding up around the leading
edge which allowed it to remain intact across the initial section on the suction side of the foil, even at
larger angles of attack, as seen in Figures 8 and 9. In fact, the best design is completely wetted across all
angles of attack studied, whereas the original foil exhibits large ventilation effects and a hollow cavity as
seen in Figures 10 and 11. The original design starts to see large ventilation effects at an angle of attack
of 20◦, as can be seen in the drag spike in Figure 12. This ventilation effect causes the suction side to
be close to atmospheric pressure, whereas when wetted, the pressure can be significantly lower than that
of atmospheric pressure, dramatically improving the lifting characteristics of the foil. The best design
reduces the void from separation; consequently stall is significantly delayed, and lift is improved across
larger angles of attack as shown in Figure 13. These improvements lead to an overall more efficient foil
with improved or comparable lift to drag characteristics across angle of attacks between 5◦ and 25◦.
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Table 1: Lift and Drag comparison for baseline and best design (satisfied constraints or improved objec-
tives , violated constraints or worsened objectives).

Angle of Attack Baseline (N) Best (N) Difference (N) % Difference

0◦ Drag 859 792 −67 −7.8
5◦ Drag 1,997 1,729 −268 −13.4
10◦ Drag 3,976 3,588 −388 −9.8
15◦ Drag 6,647 6,409 −238 −3.6
20◦ Drag 11,475 9,472 −2,003 −17.5
25◦ Drag 12,349 13,511 1,162 9.4

0◦ Lift 11,115 7,629 −3,486 −31.4
5◦ Lift 26,587 23,371 −3,215 −12.1
10◦ Lift 39,779 38,206 −1,573 −4.0
15◦ Lift 44,024 52,590 8,566 19.5
20◦ Lift 33,978 58,148 24,170 71.1
25◦ Lift 23,719 44,637 20,918 88.2

As noted in the optimization section, each operating condition and objective were considered to be
of equal weight. This decision may not be appropriate to every hydrofoil design and will require careful
upfront consideration by an engineer with a clear understanding of the principal vessel service require-
ments. The modification of these weights as well as the selection of appropriate constraints determine
what, if any, trade-offs between individual objectives result in increased performance.

Fig. 8: Baseline Foil Streamlines at 25◦ Fig. 9: Optimized Foil Streamlines at 25◦

6 Conclusion

This research focused on creating a workflow that can be used to engineer hydrofoil shapes when the
foil is subjected to severe multi-phase interaction. The use of CST parameterization avoids the issues of
classical parameter based optimization being performed within a predefined series shape while allowing
for investigation of multi-phase phenomena. A demonstration of a surface piercing foil was performed,
and the final best design was shown to operate in a fully wetted regime while gaining lift and improving
efficiency across larger attack angles than the baseline geometry.
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Fig. 10: Baseline Foil CP and Free Surface at 25◦ Fig. 11: Optimized Foil CP and Free Surface at 25◦

Fig. 12: Drag Coefficient Fig. 13: Lift Coefficient Fig. 14: Lift-Drag Ratio
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1 Introduction 

With the upgrowth of merchant ships over the centuries, engineers and shipbuilders intended on 

expanding the existing boundaries when it comes to dimensions, speed, cargo space and overall 

performance of ships. Since 2013, when the International Maritime Organization (IMO) introduced 

the Energy Efficiency Design Index (EEDI) for new ships and in 2023 the Energy Efficiency for 

Existing Ships Index (EEXI), an ongoing challenge arose on how to reduce the total resistance of 

ships, optimize operational aspects, implement more renewable energy sources and/or use new fuel 

types, etc. A ship’s total resistance is mainly composed of wave resistance and frictional resistance, 

whose ratio varies depending on ship type and speed. Reduction of wave resistance can be 

accomplished by improving the ships hydrodynamic characteristics. For example, a precise and well-

designed bulbous bow would generate a wave with the opposite phase to the one generated solely by 

the non-bulbous bow at a specific draft and speed. Therefore, a possibility of reducing the wave 

resistance occurs by implementing a bulbous bow that would attenuate the generated wave system. 

The impact of modifications made to the bow was analyzed on an existing general cargo ship, locally 

reshaping its existing bow. In this study, several configurations were subjected to numerical 

simulations, of which three are the standard bulb nabla-type (∇), delta-type (Δ) and O-type (Kracht 

1978), and three are variations of vertical stem. Computational Fluid Dynamics (CFD) simulations 

have become a standard tool for enhancing the design process of ships, thanks to the development of 

computers and software. In comparison to traditional model tests conducted in specialized basins, 

CFD tools provide a more cost efficient and accessible solution with rising accuracy. Peri et al (2001) 

and Vakilabadi et al (2017) with towing tank test results at disposal, conducted CFD simulations 

respectively for a tanker and navy surface combatant and confirmed the accuracy of obtained results. 

Based on a number of CFD results of modified ship hulls, Peri et al (2001) built two models with 

optimized forebody geometry and verified the gained values for the two cases through experiments. 

The wave amplitude was reduced by 18% (Steepest Descent schemes) and 21% (Sequential Quadratic 

Programming). Regarding various wave resistance reducing techniques, Chen et al (2024) did 

research on the impact of hydrofoil appendages on resistance for the same ship as in Vakilabadi et al 

(2017). While Vakilabadi et al (2017) attained resistance reduction through bow and aft modification, 

Chen et al (2024) demonstrated through CFD simulations and verifying experiments a maximum total 

resistance reduction ratio of 14.6%, under the influence of simultaneously installed hydrofoil 

appendages at bow and stern. Yu et al (2017) obtained a reduction of 13.2% in wave-making 

resistance and a 13.8% reduction in added resistance at λ/L=0.5 after modifying a 66,000 DWT 

Supramax bulbous bow to a LEADGE bow shape. Total resistance was expected to be reduced by 

around 5% in that case. The beneficial impact of a vertical stem on ship resistance, and therefore 

energy efficiency, was presented in Vasilev et al (2023), with potential CO2 emission reduction of 9%. 

The aim of this study was to examine the impact of bulb and bow shape on the results of CFD self-

propulsion simulations, and compare the calculated Energy Efficiency of Existing Ship Index (EEXI) 

of every modified version to the EEXI of the original ship. 
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2 Methodology 

For the analysis of bulb modification, a box-shaped general cargo ship built in 2010, which is still in 

operation today, was used. The ship has a DWT of 50,640 tons, a length overall of 189.9 meters, and a 

beam of 30.49 meters. It was designed to sail at a speed of 14.5 knots on a draft of 11 meters, while 

the scantling draft is 12.8 meters. By analyzing the ship's operational history over the past period, it 

was concluded that the ship often sails at a draft greater than that originally intended by the design, 

i.e., the ship more frequently operates at drafts closer to the scantling draft than at the design draft, for 

which the bulb was originally optimized. Therefore, research into optimizing the bow for the scantling 

draft at a speed of 14 knots was conducted. Additionally, a feasibility study was requested, which 

includes a generic study evaluating different types of bulbs based on Kracht, 1978. These types 

include nabla-type (∇, current design bow), delta-type (Δ), and O-type. Regarding the dimensional 

parameters of these bulbs, no precise formulas for determining the ideal bulb dimension parameters 

can be found. Model tests have been the safest solution for estimating which bulb type and bulb 

dimensions have the best impact on the total resistance of a specific ship. Papanikolaou A. in his book 

“Ship Design” mentions that the ratio of the bulb’s section area at forward perpendicular and the 

midship section area varies between 5% and 15%. The ratio, as well as the bulb’s length, depends on 

the design speed and bulb type. For the purposes of this study, the section area ratio is about 10% for 

all three bulb types and the original bulb’s length was increased by 70%, which represents the bulb 

length for the first set of calculations. A number of models with less increasement of bulb length will 

in the future be tested with CFD simulations and the results will be compared with the ones achieved 

in this first iteration. In addition to the three main bulb shapes, the option of a vertical stem was also 

considered, as it has been found in Vasilev et al (2023) that a vertical stem can reduce delivered 

power. Vertical stems are especially beneficial for ships whose draft and trim varies during their 

exploitation since the fore part of the actual waterline does not vary significantly compared to the fore 

part of the design waterline. Other advantages of vertical stems are increased volume and cargo space 

at the fore peak, simpler manufacturing, and better stability in rough seas. 

 

Based on the available construction drawings, a digital twin of the original version of the ship was 

created (see Fig. 1), which was later modified in the area in front of the forward watertight bulkhead 

and beneath the upper deck, which also serves as the watertight deck. For the three versions of the 

vertical stem, the original model’s fore part was modified, in relation to three different reference 

boundaries. Version one was modified forward from the front end of the ship’s parallel midbody. For 

the second version, the area forwards from the bulkhead that separates cargo holds number one and 

number two was modified, and the third version was modified in relation to the forward watertight 

bulkhead. The form of the vertical stem was adopted from a digital twin from another cargo vessel 

which has similar dimensions and displacement, but reached greater speed than the cargo ship which 

is the subject of interest of this study. 

 

  
Fig. 1: Reference hull model – view from stern (left), view from stem (right) 

All 3D models were implemented into CFD simulations to assess resistance in calm water, as well as 

a self-propulsion test using an actuator disk. The methodology used for mesh generation, as well as 

the entire setup of these types of simulations, is detailed in Vasilev et al (2024). To verify the 

reliability of the CFD simulations, an initial CFD analysis of resistance in calm water and a self-
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propulsion test of the ship with the original bulb was conducted at both design and scantling drafts, 

for speeds of 12, 14, and 16 knots. The results were then compared with the available results from 

extrapolated model tests. According to IMO (2022), results obtained from CFD analysis should not 

deviate more than 5% from reference values recorded during model tests (extrapolated to full scale). 

 

   
Fig. 2: CFD vs model test at design draft (left) and at scantling draft (right) 

To observe the effect of bulb modification on energy efficiency, the attained EEXI was also 

calculated according to IMO (2021). Based on the available data provided in the shop test of the 

installed engine, the specific fuel oil consumption (SFOC) and daily fuel oil consumption (FOC) were 

determined. Using the average fuel price, which can be easily found, the economic savings in fuel for 

one year were calculated. 

The six generated models are displayed in Figure 3. A red line can be identified at the front part of 

each model. The red line represents the borderline between the original model and the modified area 

at the front part.  

Fig. 3: Model with ∇-type bulb is first on the left, following to the right are models with Δ-type bulb, 

O-type bulb and versions of vertical stem number one, two and three  

3 Results 

The results for design draft conditions are shown in the form of 3D surface plots in Figures 4 and 5, 

while the results obtained for scantling draft are displayed in Figures 6 and 7. Values of brake power 

for every considered case and their comparative analysis are presented in Figures 4 and 6. Since the 

underwater volume of every redesigned model differs to a certain extent from the underwater volume 

of the original ship, a dimensionless ratio RT/D was introduced for a more accurate comparison of the 

influence of bow modification on the ship’s resistance. Figures 5 and 7 give a clearer insight into the 

effectiveness of the redesigns. On the x-axis are the cases 1 to 7 arranged (1 – nabla-type bulb; 2 – 

delta-type bulb; 3 – O-type bulb; 4 – original model; 5 – first version of vertical stem; 6 – second 

version of vertical stem; 7 – third version of vertical stem), on the y-axis are the ship speeds presented, 

while on the z-axis are values for brake power (Figures 4 and 6) or RT/D ratio sorted (Figures 5 and 7). 
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Every calculated point is labeled with the percentage of increasement or reduction of brake power or 

RT/D ratio in relation to the values for the original ship.  

 
Fig. 4: Comparative analysis of brake power for considered ship bow configurations and speeds at 

design draft 

 
Fig. 5: Comparative analysis of RT/D ratios for considered ship bow configurations and speeds at 

design draft 

The maximum average reduction in brake power at design draft of 1.9% was obtained for the O-type 

bulb and 6.7% at scantling draft with the first version of vertical stem. When comparing the RT/D 

ratio, the first version of vertical stem emerged as the optimal solution with an average reduction of 

3.4% at design draft and 8.5% at scantling draft, followed by the second version of vertical stem with 

a 2.9% average reduction of RT/D ratio at design draft and 7.4% average reduction at scantling draft. 

The third most beneficial version, and with the least need for modification and retrofit, is the modified 

O-type bulb, which reduced the RT/D ratio by an average of 1.5% at design draft and an average of 

1.1% at scantling draft. According to the CFD results, the third version of vertical stem is the worst 

case that was considered, with an average increase of 10.9% and 7.6% at scantling draft. It can be 
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noted that the original bulb was well-designed for the design draft and design speed since the relative 

reductions of RT/D ratio for the three modified bulb versions are below 1%.  

 

 
Fig. 6: Comparative analysis of brake power for considered ship bow configurations and speeds at 

scantling draft 

 

 
Fig. 7: Comparative analysis of RT/D ratios for considered ship bow configurations and speeds at 

scantling draft  

For a better insight into how redesigning the bow impacts the energy efficiency of the cargo ship, 

calculations of EEXI and daily fuel consumption were conducted for every case. The attained EEXI 

for all cases was lower than the required value, and therefore the required EEXI condition is satisfied. 

As expected, the model with the first version of vertical stem attained the lowest EEXI, and therefore 

the greatest average fuel savings of 3.2%, with a referent speed increasement of 0.3kn. Considering 

the fact that the ship operates more often on a draft closer to the scantling draft than the design draft, 

about 300 thousand to 350 thousand dollars per year could be saved in the most favorable condition 



26th Numerical Towing Tank Symposium (NuTTS) 

23-25 October 2024 – Mülheim an der Ruhr, Germany 

 6 

(with an average fuel price of 598 dollars per ton). Although the attained EEXI of the third version of 

vertical stem satisfied the condition regarding the required EEXI, an increasement of 20.6% in 

average fuel consumption excludes this case from further consideration. The results for EEXI and fuel 

saving are shown in Table 1.  

Table 1: EEXI and fuel consumption calculations for 7 analyzed cases 

    11m 12.8m 11m 12.8m  

 Vref 

[kn] 

att. 

EEXI  

req. 

EEXI 

SFOC 

[g/kWh] 

FOC 

[t/day] 

SFOC 

[g/kWh] 

FOC 

[t/day] 

δFOC 

[%] 

δFOC 

[%] 

Average 

Fuel 

Savings 

Original 14.00 5.723 7.249 170.89 24.24 170.88 29.13 [-] [-] [-] 

Nabla 14.00 5.724 7.249 170.87 24.32 170.89 29.13 0.3% 0.0% 0.2% 

Delta 14.00 5.727 7.249 170.91 24.15 170.90 29.19 -0.4% 0.2% -0.1% 

O-type 14.00 5.725 7.249 170.91 24.13 170.89 29.16 -0.4% 0.1% -0.2% 

V1 14.29 5.609 7.249 170.84 24.47 170.65 27.12 1.0% -7.4% -3.2% 

V2 14.22 5.636 7.249 170.77 24.90 170.68 27.58 2.6% -5.6% -1.5% 

V3 13.37 5.996 7.249 171.42 31.31 173.18 35.77 22.6% 18.6% 20.6% 

 

4 Conclusion 

Through comprehensive CFD simulations, the impact of bow modifications on the hydrodynamic 

performance of a ship was successfully demonstrated in this study, illustrated with the example of an 

existing cargo ship. The findings reveal a certain potential for reducing fuel consumption with 

modifications featuring vertical stems. The validity of this idea is justified by the CFD results which 

show a possibility of reducing the daily fuel consumption of the ship by 7.4% when the ship sails at 

scantling draft.  

These results highlight the effectiveness of bow modifications in enhancing fuel efficiency and 

compliance with regulations such as the Energy Efficiency Existing Ship Index (EEXI). The 

implications for the maritime industry are profound, optimizing hull forms contributes to reduced 

operational costs and it also aligns with the global need for more sustainable shipping practices. The 

findings not only affirm the importance of innovative hull designs but also present a pathway for 

shipowners to achieve significant operational efficiencies. 

By integrating advanced computational methods and experimental validation, we can further refine 

our understanding of hydrodynamics in ship design. As the maritime industry increasingly prioritizes 

sustainability and efficiency, the insights gained from these simulations will inform future design 

strategies, promoting advancements that align with both economic and environmental goals. 
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1 Introduction

Catamarans are increasingly popular in maritime applications due to their superior stability, reduced
wave-making resistance, and larger deck area compared to monohulls. However, optimizing catama-
ran hull designs for efficiency in various operating conditions, particularly in deep and shallow water,
remains challenging. Water depth significantly affects hydrodynamic resistance, influencing fuel con-
sumption, operational costs, and overall performance. This dual-environment challenge motivates the
optimization of catamaran hulls to minimize resistance across a range of speeds and water depths.

The main approach we used in this study was the boundary element method (BEM). The BEM has
evolved significantly since its inception, finding widespread application across various fields due to its
efficiency in solving boundary value problems. In fluid dynamics, BEM is applied to potential flow and
Stokes flow problems, providing accurate solutions with reduced computational cost compared to volu-
metric methods. BEM is widely used to predict wave resistance and analyze flow fields around ship hulls.
Hino (1997) provided a comprehensive review of BEM applications in calculating wave resistance. BEM
has been employed in the hydrodynamic optimization of ship hulls to minimize resistance and improve
performance. Campana et al. (2006) discussed optimization techniques using BEM for hull form design.
Söding et al. (2014) developed a three-dimensional Rankine panel method based on BEM accounts for
the interaction of the linear periodic wave-induced flow with the nonlinear steady flow caused by the
ship’s forward speed in calm water, taking into account nonlinear free surface conditions and dynamic
squat. Later, Riesner and el Moctar (2018) applied this method to predict wave-added resistance and ship
motions in small amplitude waves. As research continues, BEM is poised to play an even more signifi-
cant role in the design, analysis, and optimization of marine structures and systems.

In this study, a multi-objective optimization (MOO) algorithm, known as Surrogate-based Global
Optimization (SBGO), is employed. This algorithm is designed to efficiently handle complex optimiza-
tion problems by using surrogate models to approximate objective functions, enabling faster convergence
and more effective exploration of the design space. Numerous researchers have contributed to the sustain-
able development of the SBGO algorithm. Jin (2011) provided a concise overview of recent advances
in surrogate-assisted applications, highlighting remaining challenges for future research. Additionally,
Dong et al. (2018) presented a multi-surrogate-based differential evolution method with multi-start ex-
ploration for computationally expensive optimization tasks. Ye (2019) outlined fundamental issues in
SBGO from a practitioner’s perspective, covering concepts, methods, techniques, and engineering appli-
cations.

Shallow water introduces additional hydrodynamic complexities, such as increased wave resistance
due to restricted water depth, leading to different performance behaviors compared to deep-water con-
ditions. The scarcity of research addressing this dual-environment optimization highlights the need for
more comprehensive approaches that can enhance catamaran performance across diverse operating con-
ditions. This study addresses this gap by investigating the optimization of catamaran hull geometry and
inter-hull spacing to minimize total resistance at different speeds in deep and shallow waters. A para-
metric hull model is developed to facilitate systematic adjustments to hull geometry and spacing during
the optimization process. The SBGO algorithm is utilized to identify the optimal design configurations,
while a potential flow solver based on the Rankine source panel method (GL Rankine code) provides

1



accurate fluid dynamics simulations around the catamaran hulls. This combined approach significantly
reduces total resistance, achieving improvements of up to 10% at higher speeds.

2 Optimization process description

Figure 1 illustrates the flowchart of the entire hydrodynamic optimization procedure utilized in this study.
The ideal geometry file of the original hull is provided in IGES format. Utilizing this file, we can extract
the coordinate values of points and compare the surfaces between the original and parametric catamaran
hulls. By employing the fully parametric modeling capabilities of CAESES, a parametric hull is gener-
ated for the catamaran. Selected design variables define the hull shape. Computations of the flow around
the hulls are performed using a validated nonlinear potential flow boundary element method. By applying
an effective optimization algorithm, SBGO, we obtain the optimized ship hull for the catamaran.

Fig. 1: The flowchart of the hydrodynamic optimization process

3 Results and discussion

Fig. 2: Comparative body plans of the parametric hull (black) and the optimized hull (colored) for the
catamaran at speeds 15 km/h (red), 20 km/h (green), and 25 km/h (blue)
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Figure 2 compared the body plans for one body of the catamaran at the cross-section of the paramet-
ric hull and optimized hull at different speeds. In this figure, the black line is for the parametric hull, the
red line for the optimized hull at a speed of 15 km/h, the green line for the optimized hull at 20 km/h, and
the blue line for the optimized hull at 25 km/h. From the comparison results, it is evident that a longer
distance between two hulls helps reduce the resistance of the catamaran. In other words, the wider the
catamaran is, the more minor resistance it will encounter. Besides, the optimized hulls at different speeds
all have a slimmer single hull. The influence of the width of the single hull is opposite to the beam of the
catamaran. The slimmer the single hull is, the less resistance the catamaran will experience.

Figure 3 shows the wave pattern comparison between parametric hulls and optimized hulls at speed of
15 km/h, 20 km/h, and 25 km/h in a water depth of 2.5m. The color gradient from blue to red indicates the
range of wave elevation, with lower values depicted in blue and higher values in red. After optimization,
there is a noticeable reduction in the range of wave elevation at speeds of 20 km/h and 25 km/h. For a
water depth of 4 m, a similar reduction in wave elevation on the optimized hull can be observed. Due to
text length limits, this figure will not be included in the report.

Fig. 3: The wave pattern comparison between parametric hull (left) and optimized hull (right) at speed
15 km/h (top), 20 km/h (middle), and 25 km/h (bottom) in water depth 2.5m
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After optimization, the catamaran hull featured a slimmer hull, a sharper and straighter skeg-stern,
and a fuller bow. Despite the influence of parameters on a single hull, the distance between the two hulls
significantly affects the resistance of the catamaran. The greater the distance between the hulls, the more
the resistance of the optimized hull decreases. From the comparison results between the parametric hull
and the optimized hull under different conditions, it was found that the difference in resistance reduction
of the optimized catamaran in different water depths is not remarkable. However, the reduction in total
resistance is more significant at high speeds, with the reduction percentage value reaching more than
10%.
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1 Introduction

In the last years, due to the increase in maritime trade, the size of the ships and consequentially the
power required has increased, highlighting the scalability problems of traditional shaft lines. In fact, as
their size increases, the global ship efficiency, understood not directly as hydrodynamic efficiency but as
system efficiency including loss of space on board, non-linear increase in weight and all the effects that
contribute to reducing the performance of the ship in carrying out its mission, is reduced and greater de-
sign and construction difficulties and costs arise (Su et al. (2020)). In this context and thanks to important
technological developments in the field of materials, electric propulsion and 3D printing, the rim driven
thruster (RDT) gains more and more research interest for the use in naval propulsion. Initially proposed
by Kort (1940), the RDT is a type of integrated engine propeller, also known as a shaftless propeller, in
which the driving torque of the blades is given by a structural circular ring (rim) connected to the tip of
the blades, in opposition to traditional propellers which are driven through the shaft (Grümmer (2016)).
The configuration of the RDT fits very well with an electric motor. The stator can be contained inside
the duct while the permanent magnet rotor can be included inside the rim. The main advantages of the
RTD can be summarized in: it does not require watertight hull passages for rotating elements, being
completely immersed in water it does not require dedicated cooling systems, it has a compact design
which reduces overall dimensions and weight on board, it has no mechanical performance losses due
to power transmission in the shaft line, the environmental impact due to radiated noise is significantly
reduced both due to the use of the electric motor and to the absence of tip vortex thanks to the pres-
ence of the rim (Gaggero (2020)). Structurally, the RDT resembles a ducted propeller, however, unlike
the latter, the RDT does not have tip clearance since the blades are structurally connected to the rim.
Instead a gap clearance exists between the rim and the duct. This difference generates significant varia-
tions in the flow field and in the fluid phenomena involved, causing remarkable differences in the open
water performance and in the flow characteristics. In recent years, several studies have been conducted
on RDTs and significant progress has been made especially in improving electromagnetic performance,
decreasing weight and bearings. Several works have also focused on the hydrodynamic efficiency which
is influenced by several factors including the blade structure, the shape and size of the shroud and the gap
characteristics (Yan et al. (2017)). The first studies on RDT were conducted using potential methods and
in particular lifting line based panel codes (Pashias and Turnock. (2003)). Another approach proposed
by Kinnas et al. (2009) used potential methods combining the lifting surface with a boundary element
method. In particular, a mixture of lifting surface and RANS equations is used to calculate the effective
wake at each iteration which is then used as input for the BEM method allowing the performance to
be calculated. More recent studies have shown that, although the computational efficiency of potential
methods makes them attractive for geometry selection and design, they are not suitable for correctly pre-
dicting the performance of an RDT. Song et al. (2015) conducted a comparative analysis between RDTs
with and without axis concluding that the absence of the axis improves efficiency by up to 2%. The pres-
ence of the hub in fact causes an axial acceleration of the fluid which reduces the angle of attack radially
along the blade and also induces greater vorticity which causes a greater loss of energy. Cao et al. (2012)
investigated through RANS simulations the radial and the along-chord distribution in different RDT
configurations, identifying the presence of combined root vortices and the formation of tip vortexes at a
certain distance from the propeller disk. Dubas et al. (2015) conducted an analysis comparing stationary
and unsteady simulations for the prediction of rotor-stator interaction and testing different turbulence
models, concluding that the k-ω SST model is the most suitable for RDT simulations at low advance co-
efficients. Lea et al. (2003) through experiments on commercial RDTs have highlighted that, compared
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to ducted propellers, RDT have a higher tip load and less cavitation, effects which can be attributed to the
presence of the rim. Liu et al. (2022) conducted simulations on RDTs with different shroud geometries
presenting the results in terms of efficiency and flow field to better understand the effects of duct on
propeller performance.
In general, the experimental works of Hughes et al. (2000) and Abu Sharkh et al. (2001) highlighted that
the hydrodynamic efficiency of RDTs is lower with respect of ducted propellers, in fact the efficiency
of RDTs is generally lower than 0.5 (Liu and Vanierschot (2021), Jiang et al. (2022), Liu et al. (2023)).
This result, however, is partly attributable to the fact that the geometries typically used for RDTs are
not designed ad hoc but derive from well known ducted propellers shapes. In fact, as highlighted by
Peng et al. (2023) little RDT geometry data is available that can be freely used for academic research
and, for this reason, as also highlighted in Liu and Vanierschot (2021) combinations of Ka4-70 propellers
and MARIN 19A or MARIN 37 duct are often used. Moreover, most studies on the efficiency of RDTs
have focused on the performance of the duct and propeller but the influence of the gap also plays an
important role. In fact, the analysis conducted in Liu and Vanierschot (2021) highlight that the gap has a
negative influence on RDT performance, leading this type of thruster to be less efficient when compared
to ducted propellers. Cao et al. (2014) analyzed the effect of the radial and axial dimensions of the gap
with and without a propeller, the results show that widening the gap increases the torque needed to move
the propeller. The same result is confirmed by the study by Lin et al. (2023) which achieves this result
increasing the front and rear side angle of the rim in order to reduce its width. Furthermore, they propose
an empirical formula to estimate the torque increase which however has very limited application since
the effect not only depends on the characteristics of the gap but also on the pressure field and therefore
on the shape of the duct and of the propeller. Is also important to note that the literature currently avail-
able is related to accelerating (or converging) duct geometries which have the purpose of increasing the
thrust of the RDT by accelerating the flow. However, in applications where the focus is on the cavitation
reduction, the duct can be of a divergent type with the aim of increasing the pressure upstream of the
rotor.
In this study, the effect of the gap on a convergent and a divergent duct RDT is analyzed. The geometries
of propellers and ducts came from the work of Gaggero (2020) which implements a RDT design based
on RANS simulations and optimization via genetic algorithm. On these geometries, the fluid dynamic
fields were analyzed both with and without the gap geometrically resolved. Morover a parametric study
on the gap shape is conducted applying some changes in shape and in the operating conditions. Section 2
presents the geometries used, the governing equations, the modeling hypotheses, the mesh, the boundary
conditions and the numerical method used in the study. In section 3 the results obtained are presented
and discussed. Finally, in section 4 we draw conclusions and indicate some recommendations for future
work.

2 Numerical simulation methodology

2.1 Geometries description
The RDT geometries used in this article are obtained from the works of Gaggero (2020), Gaggero (2020b)
and Gaggero et al. (2013). The geometry of rim driven configuration with decelerating duct (DRD),
shown in figure 1a, is made up of the six blades propeller (z6-4097) obtained in Gaggero (2020) as-
sociated with the divergent nozzle of the ducted propeller reference presented in Gaggero et al. (2013).
This geometry was designed to avoid the inception of cavitation as much as possible and, in fact, the pur-
pose of the divergent duct is to increase the pressure upstream of the propeller. The propeller obtained is,
thanks to the optimization process, designed specifically to work in the flow conditions of the associated
duct at the selected design condition.
The geometry of the rim driven configuration with accelerating duct (CRD), shown in figure 1b, is taken
from Gaggero (2020b) and is made up of a convergent duct (19A) designed to axially accelerate the
flow, contributing to the thrust especially in bollard pull conditions, combined with a 5-blades propeller,
specifically designed to work in the flow conditions generated by the duct.

Both RDT geometries are obtained on the basis of RANS simulations performed on a geometry
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(a) (b)

Fig. 1: DRD (a) and CRD (b) geometries without geometrically resolved gap.

which, as visible in figure 1, does not explicitly contain the geometry of the gap. The rim is in fact
modeled as a portion of the internal duct surface that extends axially from just before the propeller
to shortly after. This choice, which has the aim of limiting computational costs can be accepted in a
relative comparison based, quite demanding, design process but become a limit in correctly determining
the absolute performance of the RDT considered. In fact, as highlighted by various works including
for example Liu and Vanierschot (2021), the effect of the gap is not negligible and can lead to a loss
of efficiency up to 2%. To investigate this aspect on above introduced optimized RDT, the geometries
shown in figures 2 were produced.

(a) (b)

Fig. 2: DRD (a) and CRD (b) geometries with geometrically resolved gap.

In these geometries the gap is built using the same parametric philosophy illustrated in figure 3 where
the gap geometry is obtained using the parameters listed in table 1.

Table 1: Example of gap geometry parameters

ID w [mm] d [mm] t [mm] α1 [◦] α2 [◦]
15/-45 40 5 1 15 -45
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Fig. 3: Gap geometrical description.

Keeping constant w and d, the geometric characteristics of the gap were then varied parametrically
in terms of:

1. gap thickness (t) with the values: [0.1, 0.3, 0.5, 0.8, 1.0, 1.2, 1.5] mm

2. front angle of the gap (α1) with the values from -60◦ to 60◦, step 15◦

3. rear angle of the gap (α2) with the values from -60◦ to 60◦, step 15◦

to better understand which characteristics, in addition to the width of the gap already highlighted by
various works, had an impact on the performance of the RDT and how the gap affects the efficiency in
both DRD and CRD configurations of thruster and considering the geometry of duct and propeller.

2.2 Simulations set-up
Most calculations were carried out using RANS for a single-phase fluid and incompressible flow. Star-
CCM+ (Siemens (2021)) was used as solver on an unstructured mesh made of polyhedra using the
Finite Volume method and second order discretization schemes for all the physical quantities. By using
a Moving Reference Frame and by exploiting the periodicity of the problem, only one blade passage is
considered in the stationary analyses while local mesh refinements account for the propeller and the duct
wake. The computational domain, shown in figure 4 has a cross area at the propeller plane one hundred
times higher than the area of the propeller disk (Ddomain/Dprop = 10), the inlet is placed four propeller
diameters in front of the propeller, the outlet six propeller diameters aft, and uniform inflow is assumed
as the initial condition.

The k-ω SST turbulence model is used to compute the turbulent viscosity in a simulation where the
turbulence intensity is set equal to 1% and the turbulent to molecular viscosity ratio is equal to 10.
To validate the assumptions made using stationary analyzes and exploiting the symmetry of the problem,
unsteady simulation of the gap resolved reference RDTs were carried out. In these, the basic assumptions
of the modeling and the mesh parameters are the same as in the stationary analysis with the following
differences:

• the calculation domain is a full cylinder with diameter 10 Dprop, containing all the propeller blades
so the number of cells is about Z · nsteady where Z is the number of blades and nsteady is the number
of cells in steady state simulations,

• the geometries of the rim and propeller blades are inserted in a small cylindrical domain actually
rotating thanks to the movement of the mesh,

• the second order time-marching scheme use a time step set to have a rotation of 1◦ per time-step,
the stopping criteria are set to simulate at least 5 complete revolutions of the propeller and with a
convergence of 1% in the average thrust of the last revolution compared to the previous one.
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Fig. 4: Computational domain of steady simulations.

2.3 Mesh analysis
The thruster performances are typically expressed by thrust and torque coefficients and the open water
efficiency η0. In RDT we define those coefficients including not only the propeller forces and torque but
also the rim ones generated by rim and duct. In particular we define:

Kt =
Tpropeller + Tduct + Trim

ρn2D4 (1)

Kq =
Qpropeller + Qrim

ρn2D5 (2)

η0 =
J

2π
Kt

Kq
(3)

where J = Va/nD is the commonly defined advance coefficient.
The mesh used for geometrically non-resolved gap RANS simulations is made following the guidelines
consolidated in Gaggero and Villa (2018), obtaining an average of 1.3 million cells. Of course, keeping
the same mesh parameters but including the gap geometry, the number of cells in the gap resolved
simulation increases. In order to determine the number of cells needed to capture the relevant gap fluid
dynamic effect, starting using the same mesh parameters of the non-resolved gap, a convergence analysis
by changing only the number of added cells in the gap was conducted. The gap geometry used for this
analysis is the reference one obtained with the parameters in Tab. 2.

Table 2: Initial gap geometry parameters

ID w [mm] d [mm] t [mm] α1 [◦] α2 [◦]
0/0 40 5 1 0 0

Note that, to quickly refer to the different parametric configurations of the gap geometry, the nomen-
clature: (α1/α2) is used. In these cases, where not otherwise specified, it means that all other geometric
characteristics are kept equal to the reference values reported in table 2.
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Table 3 shows, in terms of KT, the results of this analysis, conducted using the procedure proposed in
Eça and Hoekstra (2014), which indicate the need of adding about 300 000 cells to achieve an uncertainty
and an error respectively less than 2% and 1%.

Table 3: Mesh convergence analysis in DRD gap-resolved simulations, Kt values normalized with respect
to modeled-gap performances for confidentiality reasons

cells Kt/Ktre f uncertainty [%] extrapolated error [%]
1 371 102 0.9715 2.0 0.68
1 565 886 0.9703 1.9 0.55
3 243 345 0.9669 1.3 0.22
10 542 940 0.9665 0.6 0.17

This increment of about 15% in the cells number with respect to the non-resolved gap mesh, produces
a calculation grid with approximately 1.6 million cells. A typical example of such mesh is shown in figure
5.

(a)

(b) (c)

Fig. 5: Typical mesh of gap-resolved, steady simulations (a) with gap mesh detail (b) and y+ values in
gap and blade (c).

Furthermore, an analysis was conducted on the mesh of the boundary layer inside the gap. In fact,
while for the external flow the parameters already validated by Gaggero and Villa (2018) were used, for
the flow inside the gap, due to the different geometric and characteristic velocity scales, it was necessary
to investigate the size of the cells necessary to correctly capture the effects in the boundary layer. The
first guess of thickness was obtained using the relations for turbulent boundary layer (Schlichting (1979))
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where was used the Reynolds number defined as:

Re =
t nD/2
ν

(4)

Using the simulations results, the first guess thickness was corrected to obtain a gap y+ distribution
in line with the values already used in similar works (Zhai et al. (2022)). In particular, the y+ distribution
shown in figure 5c was obtained, where y+max≃17.

3 Results and discussion

The first analysis conducted concerns the comparison between the performances of the RDT in both
CRD and DRD configurations, obtained using a mesh with and without a geometrically resolved gap.
These simulations were carried out on the reference geometry of the gap whose characteristics are shown
in table 2, i.e. rim thickness d = 5 mm, gap thickness t = 1 mm, rim width w = 40 mm, and front and rear
angles equal to α1 = α2 = 0◦. Furthermore, on these geometries, to verify that the modeling hypotheses
provided acceptable results, unsteady analysis without exploiting the periodicity of the problem were
also conducted. The results of this analysis are presented in 4 in terms of Kt, Kq and η0. Note that for
confidentiality reasons the values relating to the DRD have been normalized with respect to modeled-gap
performances.

Table 4: Results in standard (0/0) configurations, DRD values normalized with respect to modeled-gap
performances for confidentiality reasons.

Case J Kt Kq η0

CRD w/o gap 0.7 0.4296 0.0854 0.5603
CRD with gap 0.7 0.4221 0.0881 0.5340
CRD Unsteady with gap 0.7 0.4217 0.0887 0.5296
Case J/Jre f Kt/Ktre f Kq/Kqre f η0

DRD w/o gap 1 1 1 0.5850
DRD with gap 1 0.9703 0.9911 0.5730
DRD Unsteady with gap 1 0.9619 0.9852 0.5716

First of all we noted that the error on performance between gap resolved steady state simulation using
periodic BC and MRF and the unsteady ones, extracted as the mean of the last propeller revolution, is
less than 1% so it’s confirmed that the assumptions adopted in simplified model are accurate enough
to correctly solve the physics of the problem. Moreover, from the results obtained we note that the
efficiency loss due to the gap is much higher in the CRD case compared to the DRD. This aspect can
be explained by physically analyzing the gap effect. Mainly, the loss of efficiency due to the gap is due
to two distinct phenomena. The first is the increase in torque compared to the case without gap due to
the fact that an extra face is added in contact with the water and therefore a bigger wet surface causing
friction is considered. This component is present in both RDT configurations substantially in the same
way. Note that this effect is not exactly the same in the two configurations due to the fact that it is
slightly influenced by the pressure field. In fact, depending on the pressure difference downstream and
upstream of the gap, an axial flow opposite to the direction of the inflow develops within the gap. This
axial flow, as highlighted by various works on the Taylor-Couette flow (Hwang (2004)), influences and,
in particular, reduces the torque necessary to rotate the rim. Moreover, the effect of the increase in torque
due to friction is not directly observable from the Kq values. These, in fact, also contain the contribution
of the propeller blades and, consequently, are influenced by the modification of the driving torque on the
blade due to the modification of the pressure field induced by the propeller and the duct. In fact, while in
the CRD case we notice an increase in torque in the case of a resolved gap compared to the modeled-gap
case, in the DRD we notice the opposite. It is important to note that this effect on the pressure field due
to the gap is in the cases analyzed more relevant than the friction contribution due to the increase in the
wetted surface and is strongly dependent not only on the geometry of the gap, but also, on the pressure
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field developed by the propeller and duct. The gap, in fact, puts the pressure and the suction sides of the
blade in “communication”, near the tip of the blade which, in the RD configuration is a loaded area. It
is therefore clear that the higher the pressure difference across the blades, the greater the effect of the
gap will be in “restoring” it. Considering the pressure fields of the two configurations shown, in terms of

CPN =
2P
ρn2D2 , in figure 6 we note that in the case of CRD the pressure difference is much higher than

in the DRD case. In fact, despite pressure, as expected, is overall higher in divergent configuration, we
note that across propeller blade there is a CPN jump of about 1.42 in the convergent case while in the
divergent this value is about 0.95.

(a) (b)

Fig. 6: Pressure coefficient (CPN) field in CRD (a) and DRD (b) configurations. DRD duct geometry
hidden for confidentiality reasons

This pressure jump causes an axial velocity component to develop inside the gap which adds to the
rotational one caused by the friction with the rim. A typical gap flow is shown in figure 7b. Due to the
fact that the pressure is higer in the pressure side with respect to the suction side of the propeller blade,
the axial component has a direction opposite to the main flow. For this reason, considering the inflow as
x-direction, in the gap the x-component of the velocity is negative. In the analyzed cases this velocity has
the profile shown in figure 7a. We note that given the greater driven pressure gradient in the CRD case,
the maximum axial speed reached is about -1.5 m/s and the flow rate approximately 0.7 kg/s while in the
DRD case the maximum speed is approximately -1.2 m/s and the flow rate near 0.42 kg/s
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Fig. 7: Gap x-velocity profile in CRD and DRD thruster (a) and typical gap flow (b).

Despite that, the contribution given by the interaction between the pressure field and flow in the gap
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is not immediately and generically understandable. In fact, with what has been stated above, one could
expect that the effect of the gap due to the pressure delta between the face side and the suction side is
to reduce the thrust compared to the case without the gap and that consequently the greater the pressure
difference, the greater the loss of thrust due in the presence of the gap. In reality the numbers obtained
deny this interpretation. In fact, although there is a decrease in both the DRD and CRD configurations of
the thrust due to the presence of the gap, the entity of this reduction is equal to approximately 1.5% in
the CRD case (greater ∆CPN) while it is approximately 2.5% in the DRD case (smaller ∆CPN). On the
other hand, the increase in parasitic torque due to the gap is approximately 3% in the CRD case, while
in the DRD case it is almost -1%. This means that the effect of the gap in the DRD configuration is to
reduce the driving torque of the propeller compared to the case without the gap resolved. In other words,
the variation in the pressure field induced by the gap unload the propeller blade near the tip causing both
a reduction in thrust and in torque. In any case, the effect of the gap also in the DRD case leads to a
decrease in efficiency since the loss of thrust is greater than the reduction in torque. It appears clear from
these considerations that the effect of the gap on the propeller performance is not trivial and strongly
depends on the pressure field generated by both the blade and duct.

After having analyzed the impact of the gap on the flow and performance of the RDTs, parametric
analyzes were carried out on the geometric characteristics of the gap itself to better understand how,
individually, these were linked to the loss of efficiency of the thruster. Two families of analyzes were
conducted: the first to understand the effect of the gap thickness and the second to determine the influ-
ence of the gap shape. The first parametric analysis, in particular, has been conducted varying the gap
thickness while keeping the other geometric characteristics constant and equal to the reference ones.
The performance of the RDT was evaluated in both CRD and DRD configurations for gap thicknesses
varying from 0.5 to 1.5 mm. The results of the analysis conducted are presented in table 5.

Table 5: Gap thickness effect on RDT performances. DRD values normalized with respect to modeled-
gap performances for confidentiality reasons.

DRD thruster, J/Jri f = 1 CRD thruster, J = 0.7
t [mm] Kt/Ktre f Kq/Kqre f η0 t [mm] Kt Kq η0

1.5 0.9511 0.9823 0.5664 1.5 0.4167 0.0878 0.5287
1.2 0.9609 0.9867 0.5697 1.2 0.4201 0.0881 0.5312
1.0 0.9703 0.9911 0.5730 1.0 0.4221 0.0881 0.5340
0.8 0.9711 0.9926 0.5723 0.8 0.4243 0.0881 0.5366
0.5 0.9805 0.9955 0.5762 0.5 0.4278 0.0885 0.5385

The results obtained indicate that the greater the thickness of the gap, the lower the efficiency of the
thruster and so that is appropriate to minimize the thickness of the gap. These results foster the assump-
tion previously mentioned, on the phisical effect of the gap and are valid in the range of thicknesses
reported in table 5 but it has been verified that by further reducing the thickness of the gap a point is
reached where, due to the viscous effects and the increase of viscous shear stress in gap, the torque in-
creases significantly causing a loss of efficiency. However, this effect occurs using gap thickness values
that are not technologically achievable and are therefore not of interest. In fact, although the technolog-
ically achievable gap value does not depends directly to the diameter, for standard blade, the minimum
gap reference values are between 0.5% and 1% of D, which in the analyzed configurations correspond to
1.1 - 2.3 mm.

The second parametric analysis conducted concerns the shape of the gap. In particular, keeping the
thickness t = 1 mm fixed and the blade-side rim width w = 40 mm, the front and rear angles were varied
in a range from −60◦ and 60◦ with 15◦ step. Naturally, since the rim width w is kept constant in order
to contain the blade root, varying the angles causes a variation in the width of the duct-side of the gap l.
The results in terms of efficiency of the analysis for both the CRD and the DRD are shown in the figure
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8.

(a) optimal: α1 = 45◦, α2 = −45◦ (b) optimal: α1 = 15◦, α2 = −30◦

Fig. 8: Open water efficiency vs front (α1) and rear (α2) angles in DRD (a) and CRD (b) configurations.

From the analysis of CRD geometries it emerges that the optimum is obtained in the (15/-30) config-
uration whose pressure field, in terms of pressure coefficient CPN , is shown in figure 9a.

(a) optimal: α1 = 15◦, α2 = −30◦ (b) optimal: α1 = 45◦, α2 = −45◦

Fig. 9: Pressure coefficient (CPN) fields in optimal CRD (a) and DRD (b) configurations. DRD duct
geometry hidden for confidentiality reasons

In this case we note that the inner gap length l is not the minimum that would be obtained in the (60/-
60) configuration and that therefore minimizing the wetted surface is not always the best solution. The
contribution of pressure, in fact, has generally a great influence on the RDTs performances. For example
in the optimal case the inner gap surface torque is greater than in the (60/-60) configuration of about 40%.
However in the optimal configuration the pressure field is such that the torque required from the blade and
the rim surface in contact with the blade is smaller with respect to the 60/-60 configuration. Overall the
pressure effect on the blade is greater than the torque increment due the increase in wetted surface. This
effect is even more evident in the optimal DRD configuration whose pressure field, in terms of pressure
coefficient (CPN), is shown in figure 9b where the duct geometry has been hidden for confidentiality
reasons. In the DRD case, as shown in figure 8a, the efficiency is much more irregular and presents a
fairly clear peak in the (-45/45) configuration. In any case the effect of the gap remains not trivial, in
fact there is not a direct correlation between gap ∆CPN or gap-flow speed and the loose in efficiency.
This is due to the fact that there are two opposite effects: on one side the axial velocity in the gap reduce
the required driving torque as documented in studies on the Taylor-Couette flow (Hwang (2004)), on
the other the greater the velocity and the mass flow in the gap, the greater the induced variation in the
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pressure field across the blade and so a change in blade torque and thrust. It is not therefore possible to
generalize the gap effect but is necessary to consider the interaction between the gap flow and the specific
duct and the propeller geometries in the working point conditions.

Figure 10 shows the results of the analysis of the gap effect as the operating point varies. In both
the CRD and DRD cases we note from the open water diagrams obtained that the effect of the gap is
substantially a constant offset in performance, manily due to the variation of the torque. In the DRD
configuration we notice that there is a slight decrease on the gap effect at high advance coefficients
(J/Jre f ≃ 1.25). However, given the small extent of this effect, it can be concluded that the gap effect
does not vary substantially if the engine finds itself working in a condition different from the design one
for any reason during its operational life.
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Fig. 10: Gap effect on RDT open water diagram in CRD (a) and DRD (b) configurations.

4 Conclusions and future work

Several simulations have been carried out in order to better understand the effects of the gap in both con-
vergent and divergent RDT thrusters. It was found that the effect of the gap on the propulsive efficiency
is more marked in convergent configurations while it is substantially negligible in divergent ones. More-
over, by carrying out convergence analyzes on the meshes, it was noted that to correctly resolve the gap
effects it is necessary to increase the size of the calculation grid by 15-20%. By exploiting the periodicity
of the problem and using stationary MRF simulations it is therefore possible to perform simulations on
RDTs with a gap resolved with a mesh of approximately 1.6 million cells while maintaining the thrust
error within approximately 2%.
As far as the geometry of the gap is concerned, it has been noted that the thickness has a negative influ-
ence, and it is therefore advisable to limit it to the minimum possible while the angles (shape) of the gap
do not have an obvious optimal configuration. Certainly, as already confirmed by the literature, reducing
l reduces the added torque due to the friction of the rim in the gap. However, also considering the effect
of the pressure field, it is not certain, and indeed in the cases analyzed it was not the case, that the con-
figuration with minimum l is the one with the highest efficiency.
In conclusion, therefore, considering the relatively small increase in computational cost and the difficul-
ties in generalizing the gap effect as it is strongly dependent on the pressure field and therefore on the
duct and propeller geometries, it is believed that for future work it is preferable to investigate the RDTs
by including the gap in the simulations geometry.
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1 Introduction

Ducted propellers are expected to provide hydrodynamic and hydroacoustic advantages for future un-
derwater vehicles compared to conventional open propellers. However, an additional critical issue is
raised due to its mechanical structure: those propellers typically possess a tip gap, also recognised as a
tip clearance, between the blades and duct surface. The tip gaps of such propellers can cause flow in-
stability and global pressure minimum, resulting in undesirable cavitation. In this context, experimental
works on tip-leakage flows (TLFs) and relevant cavitation using stationary hydrofoils have been con-
ducted at the University of Tasmania (UTAS) variable pressure water tunnel to clarify the underlying
physical phenomena. Russell et al. (2020) performed an experiment of a cavitating flow for a hydrofoil.
A tip-separation vortex (TSV) formed in the clearance flow from the sharpened end of the hydrofoil.
The TSV and bubbles swept across the end of the hydrofoil by the leakage flow and wound around the
tip-leakage vortex (TLV). Russell et al. (2023) developed a mathematical tool to design a hydrofoil ge-
ometry with faired endwall edges to suppress flow separation in the tip gap. The cavitation associated
with shedding flow on the pressure side was not observed for the evaluated incident angles. Thereafter,
Russell et al. (2024) investigated the influence of boundary-layer thickness on incipient and developed
cavitation in a stationary TLF using the faired hydrofoil. Takahashi (2024) performed a fundamental
analysis of the tip-gap flow of a hydrofoil using Reynolds-averaged Navier-Stokes (RANS) simulations
and determined the formation mechanism of the leakage vortices.

The present study was performed to test the effectiveness of computational predictions for acquiring
complementary flow field information. The experiments at the UTAS revealed the deviation of the TLV
cavitation trajectory with the decreased gap height. Furthermore, the acoustic cavitation event rate and
sound pressure level generally increased with decreasing the tip-gap height and reached a maximum
value. Thereafter, they dropped dramatically, suggesting that the boundary layer on the test section ceiling
mitigated the leakage flow within the gap. Thus, this study characterises the TLF of a stationary hydrofoil
for distinct tip-gap heights using computational fluid dynamics (CFD).

2 Computational setup

The test condition of the simulations was based on those in the experiment at the UTAS variable-pressure
water tunnel reported in Russell et al. (2023). The tunnel test-section is 0.6 m × 0.6 m at the entrance and
2.6 m long. The hydrofoil blade, which had a chord (c) of 280 mm, was rigidly mounted to the bottom
of the test section. The tip-gap height (hg), which was the clearance between the hydrofoil blade tip
and test-section ceiling, was varied from 3.36 to 67.2 mm. A gap ratio of τ = hg/t = 0.1–2.0 was
obtained when non-dimensionalised by the maximum hydrofoil thickness (t = 33.6 mm). Experiments
were performed at a hydrofoil incidence of α = 6.0 [◦]. The Reynolds number based on the blade chord
(c) was Rec = (U∞ · c)/ν = 3.0 × 106, where U∞ is the mainstream velocity [m/s] and ν is kinematic
viscosity [m2/s].

Fig. 1 shows the hydrofoil mounted in the test section. The hydrofoil leading edge was located
900 mm downstream of the test-section entrance. The origin of the xyz-coordinate system located at
the intersection between the test section centreline on ceiling and mid-chord of the hydrofoil, where the
x-axis was positive to the downstream and the y-axis was positive upwards. The incident angle of the
hydrofoil was adjusted about the y-axis. Fig. 2 shows the computational domain modelling the tunnel.
The computational domain consisted of the upstream, contraction, test, and downstream sections to ac-
count for the possible boundary effects of the tunnel. The upstream section entrance was used as the
inlet boundary, and uniform velocity was implemented. A zero-velocity gradient and a constant pressure
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were applied to the outlet boundary. A slip condition was implemented to the upstream section, whereas
a no-slip condition was implemented to the other tunnel walls and hydrofil surface. This tunnel model
can simulate the boundary layer flow on the test section ceiling, as reported in Takahashi (2024).

Fig. 1: Hydrofoil mounted in test
section.

Fig. 2: Computational domain
modelling UTAS tunnel.

Fig. 3: Volume cells near tip-gap
region.

The commercially available CFD package Simcenter STAR-CCM+ 2302, which employs a finite-
volume method solver, was adopted for the RANS simulations. A second-order accuracy scheme was
used for the spatial computation. The governing equations were determined using a segregated approach,
and the semi-implicit method for pressure-linked equations (SIMPLE) algorithm was used to combine the
pressure and velocity equations. The k−ω shear stress transport (SST) turbulence model was adopted, and
steady simulations were performed to evolve the computations. The gamma transition model was adopted
to predict the onset of the transition in a turbulent boundary layer by solving an additional transport
equation for turbulence intermittency. The curvature correction approach was employed to incorporate
the effects of rotation and curvature into the scalar eddy viscosity model.

An unstructured trimmed mesh was used to discretise the computational domain. Mesh refinement
for the computational domain was performed in the contraction and test sections. Prism layer meshes
were generated on the upstream-, contraction-, and test-section walls to resolve the boundary layer flow
at an expansion ratio of 1.15. The nondimensional initial layer thickness of the prism layers on the
test section ceiling was ensured, i.e. y+min = ∆min · uτ/ν = 30 , where ∆min is the initial layer thickness

[m] and uτ(=
√

1
2 U2
∞C f ) is the frictional velocity [m/s]. Here, C f is the Schoenherr friction coefficient

( 0.242√
C f
= log10(Rel · C f )), where Rel is the Reynolds number based on the test section length (l). Further

mesh refinement was performed in the tip-gap region to compute the convoluted TLFs. Fig. 3 shows the
mesh configuration in the tip-gap region determined based on a mesh convergence study. Prism layer
meshes were generated on the hydrofoil surface to ensure y+min = 1.0. Here, the Reynolds number based
on the blade chord (Rec) was used to calculate the Schoenherr friction coefficient (C f ).

3 Mesh convergence study

Mesh convergence study was conducted to verify the CFD procedure for computing the TLF by de-
creasing the cell size at the mesh refinement ratio rk = 21/2. The cavitation inception number (σi) was
selected for the study owing to the comparable experimental result. Here, the cavitation inception num-
ber (σi = −CPmin = (pmin − p∞)/1

2ρU
2
∞) is defined as presented by Ji et al. (2023), where pmin is the

minimum pressure in the TLV [Pa], p∞ is the ambient pressure [Pa], and ρ is the water density [kg/m3].
The mesh size in the tip-gap region varied from approximately 0.546 to 0.273 mm. The total number of
cells varied by approximately 14–112 million: 14–20 million, 34–48 million, and 84–112 million, for the
rough, medium, and fine mesh, respectively. Notably, the total number of cells depended on the tested
tip-gap height and was not exactly proportional to the refinement ratio because an unstructured volume
mesh was employed, and the prism layer mesh property was constant through mesh refinement.

Fig. 4 shows that the computed cavitation inception numbers converged monotonically for all eval-
uated tip-gap heights (τ): the differences between the fine and medium meshes were smaller than those
between the medium and rough meshes. Fig. 5 presented the acoustic cavitation event rate across the
investigated tip-gap heights in Russell et al. (2023). Here, σ is the cavitation number defined as σ =
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Fig. 4: Computed cavitation inception numbers (σi)
in mesh convergence study.

Fig. 5: Acoustic cavitation event rate across the
range of τ and σ reported in Russell et al. (2023).

(p − pv)/1
2ρU

2
∞, where p is the static pressure at the tunnel ceiling [Pa] and pv is the water vapour

pressure [Pa]. The cavitation event rate was used to evaluate the cavitation susceptibility because of the
intermittent character and stochastic nature of cavitation inception. The computed σi were within the
range 4.0 < σ < 7.0. Furthermore, the CFD values presented the trend similar to the experimental result:
σi increased with the decrease in the tip-gap height and reached the maximum values at τ ≈ 0.6. Then,
σi decreased significantly towards the minimum tested τ = 0.1. Validation studies may be required to
improve computational accuracy in the future. However, the CFD model consisting of the presented mesh
refinement was reasonable for computing the TLFs, and the simulation results of the fine mesh were used
to analyse the flow fields.

4 Results

Fig. 6 depicts the iso-surface of the Q-criteria (Q = 1
2 (∥Ω∥2 − ∥S ∥2)) at τ = 0.1, 0.2, 0.4, 0.8, and 1.6,

where ∥Ω∥ is the vorticity magnitude [s−1] and ∥S ∥ is the strain rate magnitude [s−1]. Fig. 7 depicts the
extracted frames from the high-speed recordings of the developed cavitation. The simulations computed
the deviated vortex structures for the smaller tip-gap heights: the TLV shifted away the hydrofoil with
the decease in τ, and the location of the upstream end moved towards the leading edge. Although the
extensions of the iso-surfaces depends on the Q value, the TLV developed further downstream for the
larger gap heights, whereas it diffused for the smaller gap heights. This result and the lower cavitation
inception numbers (Fig. 4) indicate that the TLV was mitigated for the lower tip-gap heights.

Fig. 8 depicts the the z-axis velocity component (|uz|/U∞), termed ’leakage flow,’ at the slices per-
pendicular to the x-axis for τ = 0.2, 0.4, 0.8, and 1.6. The greater z-axis velocity was observed over the
blade chord for τ = 0.2 and 0.4, whereas the velocity acceleration was limited near the trailing edge
for τ = 0.8 and 1.6. Furthermore, the transverse component was dominant in the leakage flow for the
lower tip-gap height when it crossed the clearance. However, the leakage flow curved from the pressure
to the suction sides for the higher tip-gap height. These results support that the leakage flow became
more significant with the decrease in the tip-gap height and shifted the TLVs away the hydrofoil.

Fig. 9 shows the turbulence intensity (I = u′/U) contours for τ = 0.2, 0.4, 0.8, and 1.6, where

u′(=
√

2
3 k) is the root-mean-square of the turbulent velocity fluctuations [m/s] and U(=

√
u2

x + u2
y + u2

z )

is the mean velocity [m/s]. Here, k and ux, y are the turbulence kinetic energy [m2/s2] and x, y-axis
velocity components [m/s]. The TLV was immersed in the boundary layer for τ = 0.2. The mainstream
flow was slightly entrained in the TLV for τ = 0.4 as the TLV shifted downwards, whereas it was more
interacted with the TLV and boundary layer for τ = 0.8. For τ = 1.6, the TLV existed below the boundary
layer. The higher ambient turbulence in the boundary layer can disperse the formation of TLV for the
smaller tip-gap height, thus resulting in the mitigated pressure drop near the vortex core.

Fig. 10 shows the minimum pressure coefficient (CPmin) of the TLV at each plane perpendicular
to the centreline (top left) and vorticity contour with the iso-surface of Q = 1.0 × 106 [s−2] coloured
with the pressure coefficient (CP = P/ 1

2ρU
2
∞) for τ = 0.2, 0.4, and 0.8, where P is the pressure [Pa].

3



Fig. 6: Iso-surface of Q = 1.0 ×106 [s−2] to visu-
alise vortex structures.

Fig. 7: Developed cavitation topology reported in
Russell et al. (2023).

The pressure typically decreased from the leading edge and reached the minimum value. Thereafter, it
recovered towards the downstream. The minimum pressure was presented at x/c = −0.2 and 0 (mid-
chord) for τ = 0.1 and 0.2, respectively, whereas it was observed in the downstream of the mid-chord
for τ = 0.4–1.6. The lower minimum pressure was observed for τ = 0.4 and 0.8, indicating the higher
cavitation susceptibility. The plane in which the minimum pressure was depicted was visualised by the
vorticity contour. Multiple vortices (secondary vortices) with higher vorticity surrounded the TLV, and
the lower pressure existed on the iso-surface in its vicinity. These results suggest that the secondary vor-
tices intensified the TLV and caused the pressure drop near the vortex core. Fig. 11 depicts the vorticity
contour with the iso-surface of Q = 1.0 × 106 [s−2] at τ = 0.2 and 0.8 as viewed from the upstream. The
smaller vortices winding around the TLV formed from the suction side edge for τ = 0.2. Conversely, the
larger vortices extended from the pressure side edge for τ = 0.8, entraining the smaller vortices from the
suction side edge. Thus, the secondary vortices became more significant with the increased gap height,
resulting in the further pressure drop in the TLV. The proximity of the TLV to the trailing edge could
induce the more significant interaction with the trailing edge vortices.

Another peak of the minimum pressure existed (i.e. x/c = 0.8 for τ = 0.8 and x/c = 0.9 for τ = 1.6),
as shown in Fig. 10. Fig. 12 shows the iso-surface of Q = 1.0 × 106 [s−2] and vorticity (left) and
pressure coefficient (right) contours at x/c = 0.9 plane for τ = 1.6. Two vortices yielding from the
trailing edge merged together, forming a strengthened vortex. A significant low pressure was presented
near the vortex core at x/c = 0.9 with the vortex approaching to the TLV. Chesnakas (2003) remarked
an incipient cavitation caused by an unsteady secondary vortical structures via the experiment using a
ducted propeller. Thus, further investigation will be performed to analyse the pressure fluctuations caused
by the secondary vortex for the hydrofoil blade using a detached eddy simulation.

5 Conclusion

The leakage flow became more significant with the decrease in the tip-gap height and shifted the TLV
away the hydrofoil. The TLV immersed in the boundary layer for the smaller gap height, and the higher
ambient turbulence could disperse the formation of TLV, resulting in the mitigated pressure drop near the
vortex core. The significant secondary vortices forming from the pressure side edge intensified the TLV
and caused the further pressure drop in the vortex. These results can support the TLV cavitation features

4



Fig. 8: z-axis velocity component contours at τ = 0.2, 0.4, 0.8, and 1.6.

Fig. 9: Turbulence intensity contours at τ = 0.2, 0.4, 0.8, and 1.6.

obtained in Russell et al. (2023). In a future study, this research will be extended to analyse the unsteady
interaction between the primary TLV and secondary vortices using a detached eddy simulation.
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Fig. 10: Minimum pressure coefficient of TLVs at each plane perpendicular to the centreline (top left).
Vorticity contour and iso-surface of Q = 1.0 × 106 [s−2] coloured with pressure coefficient for τ = 0.2,
0.4, and 0.8.

Fig. 11: Vorticity contour and iso-surface of Q = 1.0 × 106 [s−2] coloured with pressure coefficient for
τ = 0.2 (left) and 0.8 (right) as viewed from upstream.

Fig. 12: Iso-surface of Q = 1.0 × 106 [s−2] and vorticity (left) and pressure coefficient (right) contours at
x/c = 0.9 plane for τ = 1.6.
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1.0 Introduction 

RANS (Reynolds-Averaged Navier-Stokes) propeller simulation is a modern workhorse and a standard tool for 

practical industrial applications in predicting flows around propellers and determining the complex hull-propeller 

interactions. However, for unsteady propeller performance prediction in behind condition, RANSE solvers are 

often associated with large computational requirements and lengthy simulation times. 

The previous studies conducted by Baltazar et al. [1]; Mikkelsen et al. [2]; Shin et al. [3], and others have 

demonstrated the feasibility of predicting propeller performance without modelling the ship hull. This approach 

significantly reduces computational costs due to the elimination of the need for a high number of cells required for 

modelling the hull, including its boundary layers. 

In this study, approach to predict propeller performance without modelling the ship hull is investigated. This 

method involves using the wake field, calculated from a previous RANS simulation, and applying it with the use 

of body forces upstream of the propeller plane. The propeller performance and cavitation pattern predictions in 

this artificial wake field are compared to those obtained behind the ship under both steady and unsteady conditions. 

The effects of body force thickness and its position upstream of the propeller are examined, and the influence of 

mesh refinements in the wake field region on accuracy and computational cost is observed.  

The paper is organized as follows: a short description of the numerical method is presented in Section 2; the test 

case and numerical setup are described in Section 3; the results from the numerical setup are shown in Section 4, 

followed by the conclusion in Section 5. 

2.0 Numerical method 

The numerical simulation to predict the flow around the ship hull and propeller was carried out in single phase 

using the open-source CFD code OpenFOAM v2212. To model the turbulence effects, the k −ω SST model with 

wall functions was used. For the non-uniform nominal wake field modelling needed for the predictions of propeller 

performance without the presence of the hull, a loss model (acting similarly to a porous baffle or to a wake-screen 

used in the cavitation tunnel) is applied as a body force at an upstream distance to the propeller plane. These body 

forces are added to the momentum equation to generate the wake field (by accelerating and decelerating the flow 

using the additional momentum imparted by the body forces).  

According to the Rankine-Froude momentum theory and the method proposed by Baltazar et al. [1] to iteratively 

calibrate the body forces due to the strong interaction between the axial and the transversal flows, the velocity 

components are expressed as: 

𝐹𝑥
(𝑛)

=  −0.5. 𝜌(𝑉𝑠 − 𝑉𝑤𝑥
(𝑛)

)(𝑉𝑠 + 𝑉𝑤𝑥
(𝑛)

)
1

∆𝑉
1
3

 (1) 

𝐹𝑦
(𝑛)

=  0.5. 𝜌(𝑉𝑠 − 𝑉𝑤𝑥
(𝑛)

)(𝑉𝑤𝑦
(𝑛)

)
1

∆𝑉1/3
 (2) 

𝐹𝑧
(𝑛)

=  0.5. 𝜌(𝑉𝑠 − 𝑉𝑤𝑥
(𝑛)

)(𝑉𝑤𝑧
(𝑛)

)
1

∆𝑉1/3
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With the corrected velocities given by: 

𝑉𝑤(𝑥,𝑦,𝑧)
(𝑛)

=  𝑉𝑤(𝑥,𝑦,𝑧)
(0)

−  𝛽 ∑(𝑉𝑤(𝑥,𝑦,𝑧)
(𝑘)

− 𝑉𝑤(𝑥,𝑦,𝑧)
(0)

)

𝑛−1

𝑘=1

 

(4) 

Where 𝑉s is the ship speed,  𝑉𝑤(𝑥,𝑦,𝑧)
(0)

  is the intended wake field, ∆𝑉 is the cell volume,  𝜌 is the fluid density and 

𝛽 is a relaxation factor. 𝑉𝑤(𝑥,𝑦,𝑧)
(𝑘)

 represent the cell velocity in previous iteration (time step). 

Based on the assumption provided by Baltazar et al. [1], the relaxation factor can be considered a forcing factor 

used to control the strength of the local velocities in each cell within the body force region in order to achieve the 

intended wake field. However, the size of the region or the thickness of the body force can also influence the 

strength of the body force and is such a parameter that must be adjusted to obtain the desired wake field. Therefore, 

the optimal combination of these two parameters needed to reproduce the desired wake on the propeller disk must 

be determined. 



To generalize the body force implementation independent of specific parameter combinations, in Eqns. (1-3) the 

body forces are normalized by multiplying the r.h.s by the ratio of length of each cell to the prescribed thickness. 

Thus, Eqns. (1-3) becomes: 
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(𝑛)
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𝑊𝑓𝑏
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1
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𝐹𝑧
(𝑛)
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(𝑛)

)(𝑉𝑤𝑧
(𝑛)

)
1

𝑊𝑓𝑏
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Where the relaxation factor 𝛽 = 1 or can be ignored and 𝑊𝑓𝑏 represents the prescribed thickness. 

3.0 Case study and numerical setup 

For this study, a single skew vessel, with a four bladed propeller was selected for full-scale analysis. The basic 

parameters of the vessels are provided below: 

 

Table 1: Main ship parameters 

   Single skew 

    

Length LPP [m] 72.000 

Breadth Bwl [m] 14.400 

Draught Td [m] 5.550 

Froude No. Fr [-] 0.2709 

Propeller 

diameter 

DP [m] 3.1635 

Propeller 

rotational speed 

n [rpm] 160.00 

Number of 

propeller blades 

Z [-] 4 

 

3.1 Numerical setup 

The numerical simulation of the viscous flow around the ship hull and propeller was conducted in three stages. In 

the first stage, a steady calculation of the ship hull was performed to predict the nominal wake at the propeller 

plane. This was followed by both steady and unsteady numerical simulations involving the propeller to predict the 

propeller performance in behind condition. For the steady calculations, a Multiple Reference Frame (MRF) method 

was used to replicate the action of the propeller, while a sliding mesh approach was employed to simulate the 

effect of propeller rotation in the unsteady calculations.  

In the second stage, the nominal wake field was modelled using the calibrated body force approach. Numerical 

calculations were conducted to determine the influence of body force thickness in reproducing the desired wake 

on the propeller disk. Finally, propulsion simulations were carried out in both steady and unsteady states with the 

propeller in behind the artificially generated wake field. The effects of the body force position upstream of the 

propeller were also examined, along with the influence of mesh refinements in the wake field region on the 

accuracy of the simulations. 

In this study, in addition to predicting propeller performance in behind conditions, the risk of cavitation occurrence 

is also determined for a specified cavitation number. This is achieved by identifying instances where the local 

pressure at a cell falls below the vapor pressure. The local pressure is determined by: 

 

𝑝𝑙𝑜𝑐𝑎𝑙 =  𝑝𝑐𝑒𝑙𝑙 + 𝑝𝑎𝑡𝑚 +  𝜌𝑤𝑎𝑡𝑒𝑟 ∙ 𝑔 ∙  ℎ𝑠𝑝 (8) 

𝜎𝑁 =
𝑝𝑙𝑜𝑐𝑎𝑙 − 𝑝𝑣𝑎𝑝𝑜𝑟

0.5 ∙ 𝜌 ∙ 𝑛2 ∙ 𝐷𝑃
2 

(9) 

Where patm is the atmospheric pressure at sea level (typically 𝑝𝑎𝑡𝑚 101325 Pa) and hsp takes into account the 

influence of the propeller immersion depth or reference height. 

  



 

3.2 Computational domain and mesh generation 

The computational domain consists of a rectangular multi-block structured grid with a hexagonal dominated mesh, 

generated using the OpenFOAM SnappyHexMesh utility. For simulations involving the hull and propeller, the 

computational domain extends 2Lpp upstream, 3Lpp downstream, and 2Lpp in both the transverse and vertical 

directions. A total of 7.7 million cells were used in this case, with mesh refinement around the hull and propeller 

regions.  

For the numerical simulation to generate the artificial wake field and predict propeller performance using the 

calibrated body force approach (i.e., without the presence of the ship hull), a grid similar to that of the ship-

propeller setup was used, except without the hull geometry. In this case, a long hub running across the length of 

the domain was employed. In this setup, the mesh consists of approximately around 2.9 million and 3.3 million 

cells respectively.  

4.0 Results and Discussions  

The outcome of the flow simulations is presented in this section, followed by the general prediction of propulsion 

performance in behind conditions. 

 

4.1 Wake field modelling 

The nominal wake field obtained from the steady-state simulation of the bare hull serves as input for the wake 

field modelling. Wake velocities are extracted from discrete points in the propeller plane, with an angular 

resolution of 0.5 degrees across 30 radial sections. A fine resolution was adopted to accurately capture the wake 

velocities due to the strongly non-homogeneous nature of the flow at the propeller plane. 

Implementing the iterative calibrated body force approach proposed by Baltazar et al. [1], the wake field is 

reconstructed including both the axial and tangential velocities.  

As stated in section 2.0, to determine the optimal combinations of these two parameters for reproducing the wake 

field, three prescribed thickness values (Wfb = 0.15Dp, 0.25Dp, and 0.30Dp) were selected while keeping the 

relaxation factor constant (β = 1). Similarly, simulation using the normalized formulation was also conducted to 

reproduce the desired wake field. The results of the generated artificial wake field are presented in Fig. 1, alongside 

the extracted wake velocities from the bare hull simulations. 

 

 Bare hull nominal 

wake field 

 

Artificial wake 

field Wfb = 0.15Dp 

Artificial wake 

field Wfb =0.25Dp 

Artificial wake 

field Wfb =0.30Dp 

Artificial wake 

field Wfb = 0.15Dp 

Normalized force 

 

      
Wake 

fraction 

0.3099 0.1656 0.2464 0.2994 0.2930 

Figure 1: Wake field 

In Fig. 1, the influence of body force thickness while maintaining a constant relaxation factor are presented. As 

the thickness of the body force increases, the wake velocities are observed to be almost fully reconstructed. The 

numerical simulation indicates the body force thickness as a major parameter influencing local velocities and is 

thus crucial for accurately reproducing the desired wake on the propeller disk. In this case, an error of 3.51% in 

wake fraction was obtained with a body force thickness relative to 0.30Dp. Conversely, when the body forces were 

normalized according to Eqns. (5-7) and the prescribed thickness of 0.15Dp was applied, the wake velocities were 

again nearly fully reconstructed, yielding results similar to those previously obtained. 

From the artificially modelled wake field, the wake velocities are slightly overpredicted at the 12 o’clock position, 

particularly in the inner radii region (r/R ≤ 0.5).  These differences can be attributed to the strong interaction 



between the axial and transversal flows within the body force region. To further improve the wake field 

reconstruction, mesh refinement around this region could be a possible solution.  

In Fig. 2, the non-dimensional wake velocities at different radii are plotted against those from the bare hull 

simulation, showing a good agreement in the results. 

Non-dimensional wake velocities  

  

  

 
Figure 2: Non-dimensional wake fraction  

4.2 Propeller in behind condition 

For the prediction of propeller performance in behind conditions, both steady and unsteady simulations were 

conducted without considering the effect of the free surface. This applies to simulations involving both the hull 

and the artificially reconstructed wake field. The results from the steady state calculation are presented in table 2, 

including the effect of artificial wake field position upstream of the propeller and grid refinement on propeller 

performance. 

Table 2: Propeller prediction in behind condition (steady calculation) 

 Wake Position KT error 10KQ error Remarks 

 x/Dp [-] [-] [%] [-] [%] [-] 

 - 0.2205 - 0.3745 - Propeller with Hull 

       
Coarse Mesh 0.15 0.2209 0.19% 0.3739 -0.15% 

Propeller with artificial wake field 

 0.25 0.2221 0.70% 0.3749 0.11% 
 0.35 0.2168 -1.72% 0.3691 -1.46% 

      
Fine Mesh 0.15 0.2202 -0.12% 0.3730 -0.39% 

 0.25 0.2208 0.15% 0.3734 -0.30% 
 0.35 0.2164 -1.90% 0.3685 -1.63% 
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Considering mesh refinements and the influence of the artificial wake field position upstream of the propeller, the 

results from propeller predictions in behind conditions with the artificially generated wake field show qualitatively 

good accuracy. The computed errors for propeller thrust and torque are less than 2% when compared to those 

obtained from full RANS simulations with both the hull and propeller. However, when the position of the artificial 

wake field is moved further upstream of the propeller, the propeller thrust and torque are slightly underpredicted. 

 

Figure 3:Steady state propeller prediction in behind condition 

For the unsteady propeller simulations, the time step was adjusted to achieve an angular step of 0.5 degree in both 

the behind-hull and behind-artificial-wake-field conditions, with the maximum Courant number of 60. In the 

propeller prediction in behind-artificial-wake-field condition, the artificial wake was positioned at an upstream 

distance of x/Dp = 0.15. The predicted time-averaged results from the unsteady propeller simulations are presented 

in Table 2, while the unsteady thrust and torque over one propeller rotation are shown in Fig. 4. 

Table 3: Propeller prediction in behind condition (unsteady calculation) 

KT error 10KQ error Remarks 

[-] [%] [-] [%] [-] 

0.2207 - 0.3835 - Propeller with Hull 

0.2215 0.33% 0.3782 1.42% Propeller with artificial wake field 

 

Figure 4: Unsteady thrust and Torque 

From the results of the unsteady thrust and torque over one propeller rotation presented in Fig. 4, two major 

discrepancies were observed: underprediction of propeller torque in the behind-artificial-wake-field condition, and 

a phase shift. These discrepancies may be attributed to changes in the angle of attack experienced by the propeller 

blades, influenced by tangential velocities in the artificial wake. In principle, the tangential component of the wake 

field directly influences the hydrodynamic rotation speed of the propeller, resulting in a virtual shift in propeller 

speed due to accelerated or decelerated tangential inflow into the propeller. The combined effects of both axial 

and tangential velocities ultimately define the local advance ratio experienced by the propeller profile at each point 

in the wake field. 
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As mentioned earlier, the differences observed in the nominal wake field and the artificially reconstructed wake 

field, which is largely due to the strong interaction between the axial and tangential velocities at the 12 o’clock 

position, could explain these discrepancies. This strong interaction could also influence the cavitation behaviour 

of the propeller. One way to mitigate such effects would be to transform the tangential wake velocities into the 

axial ones, by maintaining a constant local advance ratio for each point in the wake field. To see the influence due 

to the strong interaction, the pressure distribution on the blade profile at blade positions (θ = 0° and 180°) and at 

radii (r/R = 0.55, 0.70 0.75) are presented in Fig. 5. 

 

Figure 5: Pressure distributions. 

4.3 Cavitation prediction 

Cavitation occurs when local pressure drops below the vapor pressure of the fluid, causing a phase transition. To 

predict cavitation risk in this case, it is sufficient to check for pressure values below the vapor pressure in the 

simulation. Contour plots for visualizing potential cavitating regions and the pressure distribution are shown in 

Fig. 6, using a propeller immersion depth of 3.4m and ρvapour = 1.736 kPa. 
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(a) Behind-artificial-wake-field condition  (b) Behind ship condition 

Figure 6: Pressure distribution and potential cavitating regions  

Fig. 6 compares the discussed methods. The cavitation pattern observed in the behind-artificial-wake-field 

condition shows a much greater extent of cavitation on the suction side at the blade position (θ = 0°) compared to 

the cavitation observed in the behind-hull condition. This could be said to be influenced by the strong interaction 

in the axial and tangential wake velocities as mentioned earlier. 

4.4 Performance evaluation 

The computational costs in real time for this case study are presented in this section. Simulations were performed 

on the HPC network, and for a fair comparison, the same number of CPUs (48 CPUs) were used for each 

simulation. 

 

Figure 7: Performance evaluation 

Simulations for predicting propeller performance in the behind-artificial-wake-field condition are 1.7 times faster 

than those in the behind-hull condition. However, most of the effort in the behind-artificial-wake-field condition 

comes from the algorithm responsible for the interpolation scheme needed to reproduce the desired wake on the 

propeller disk. More time could be saved in this scenario if the computational domain is reduced, as the hull is not 

present. 

 

5.0 Conclusions 

In this study, a thorough investigation was conducted to predict propeller performance in an artificially generated 

wake field using the calibrated body force approach. The strategy implemented to reproduce the desired wake field 

on the propeller disk, including the effects of body force thickness and its position upstream of the propeller, was 

examined. The computational efficiency and accuracy for predicting propeller performance and cavitation risk in 

the behind-artificial-wake-field condition were compared with RANS simulations in the behind-hull condition. 

The numerical results demonstrated qualitatively good accuracy, with computed errors of the forces less than 2% 

for propeller thrust and torque in both steady and unsteady simulations. A notable advantage of the artificial wake 

field method is its significantly reduced computational cost compared to full RANS simulations involving the hull. 

Future improvements could explore transforming the tangential wake velocities into axial ones, by taking into 

account the propeller-induced influence on the wake field. 

Reference 

[1] Baltazar, J., Schuiling, B., & Rijpkema, D. (2019). Propeller Performance Prediction in an Artificially 

Generated Wake Field Using RANSE. In 22nd Numerical Towing Tank Symposium, Tomar, Portugal. 

[2] R. Mikkelsen, P. Andersen, J.N. Sorensen (2007). Modeling of behind condition wake flow in RANS 

computation on a conventional and high skew propeller. 10th Numerical Towing Tank Symposium, Hamburg, 

Germany. 

[3] K.W. Shin, P. Andersen, R. Mikkelsen (2011). Cavitation simulation on conventional and highly-

skewed propellers in the behind-hull condition. Second International Symposium on Marine Propulsors, smp’11, 

Hamburg, Germany. 

0

20

40

60

80

100

si
m

u
la

ti
o

n
 t

im
e 

[m
in

s]

Nominal wake field prediction

Artificial Hull

0

20

40

60

80

100

si
m

u
la

ti
o

n
 t

im
e 

[m
in

s]
Propeller prediction (steady calculation)

Artificial + Propeller [FineMesh]
Artificial + Propeller [SameMesh]
Hull + Propeller



Simulation workflow for flexible marine propellers

Laurens-Jan Lagendijk1,*, Arjan Lampe2, Jaap Windt2, Stefan Hickel1, and Tom Van
Terwisga1,2

1TU Delft, The Netherlands
2MARIN (Maritime Research Institute Netherlands), The Netherlands

*L.P.Lagendijk@tudelft.nl

October 2024

Abstract

This study demonstrates the use of a simulation workflow to perform FSI simulations for a flexible C4-40
propeller of various material stiffnesses and operating conditions. Grid convergence studies for both the fluid
and the structure grid have been performed. The loading is found to be non-monotonic with the change in
stiffness: The stiffer deformable propellers can result in increased thrust, whereas more flexible propellers
result in a thrust reduction. The increased thrust is attributed to the camber deformation within the blade
sections, whereas the reduction in thrust is due to a reduction of pitch, mainly near the tip region, due to
the twisting of the blades.

1 Introduction

Flexible marine propellers provide additional freedom to design the desired deformation of a propeller under
loading. The flexural behavior is influenced by the blade geometry, loading, and material properties. As the
propeller moves through the non-uniform wake behind a ship, the blade shape is passively adjusted to the
inflow conditions, this has the potential to relieve cavitation and reduce radiated noise. Understanding of
the deformation behavior is required to design flexible propellers for the purpose of increased efficiency and
reduced radiated noise.
A workflow has been developed for time domain simulations of a flexible propeller. Several software packages
are combined in this simulation setup. The geometry is modeled, discretized, and analyzed. A modal analysis
and FSI simulations of the propeller are performed. The fluid domain is discretized, and URANS simulations
with a linear two-way coupling to the structural code are performed. This workflow enables the evaluation
of a range of flexible propeller designs and variations in material properties.

2 Methodology

Simulations of flexible marine propellers have been performed to evaluate the deformation behavior and to
test the developed workflow. These simulations are performed with the 4-bladed, 40% blade area ratio, C4-
40 propeller with a pitch ratio of P/D = 0.8. This geometry has also been used in model tests on flexible
propellers. Figure 1 shows the outline of this propeller. The C-series is a modern variable pitch propeller
series of which the geometries are publicly available [5].
This study considers simulations in open water conditions for a propeller, including the hub. The propeller
features a diameter of D = 0.34[m] and a hub with Dhub/D = 0.2389. The propeller is operated at a
constant rotational speed of 700 RPM. The axial inflow velocity is varied to attain different advance ratios.
This ensures the Reynolds number over the blades remains more constant and allows for the evaluation in
bollard pull condition.
The reference material is a thermoplastic polymer named POM-C. This is an isotropic material with a density
of ρstructure = 1410[kg/m3], a Poisson’s ratio of νstructure = 0.43 and a Young’s modulus of E = 3[GPa].
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Figure 1: Outline of the C4-40 propeller

The workflow described in this paper is a method to simulate flexible propellers of various initial geometries,
material properties, grid refinements, and operational conditions. The benefit of this workflow is the automa-
tion of a large part of the computational setup. This takes the total setup time for the FSI simulation from
O(days) to O(minutes).

The input of the workflow consists of a geometry description of the undeformed propeller shape in the
form of a .ppg (Procal Propeller Geometry) file. This propeller description uses classical design parameters:
propeller diameter, hub diameter, number of blades, and radial distributions of the chord, skew, rake, pitch,
thickness, camber, and section profile description at various sections. The CAD program Rhinoceros with
the visual programming language Grasshopper and an in-house tool package of Marin is used to transform
this geometry into a .stp file for the solid propeller geometry. Additionally, a .stl file is created to define the
boundary surfaces of the computational fluid domain. An additional file is generated where the names of the
boundary surfaces of the fluid domain are assigned.

The Salome-Meca [10] platform is used to generate the structural grid and perform the structural analyses.
This platform incorporates multiple software modules. The Salome geometry module is used to load the .stp
file and assign names to different parts of the geometry.
The Gmsh [4] meshing package within Salome is used to automatically generate the structural grid. Only one
blade is discredited, this is copied to make a mesh for all the blades. The hub is assumed to be rigid, therefore
it is not included in the structural analyses. These grids consist of hexahedral elements where the propeller
is discretized over the face- and back surface and in the thickness direction. The refinement over the face-
and back surface is referred to as surface refinement. The desired number of cells over the surface is equal
and is prescribed as an input to the simulation (Nface,setting). The distribution of the surface discretization
depends on the aspect ratio of the blades. This ensures the cells are approximately square. To improve the
convergence behavior of the FSI simulations, the region at the blade root has additional refinement in the
radial direction. The discretization in chordwise direction is increased accordingly to retain approximately
rectangular cells over the surface of the blades. Because the calculated number of cells in radial and chordwise
directions is unlikely to be an integer, these discretizations are rounded up to the actual radial (Nr) and
chordwise (Nc) refinement. This ensures the number of cells at the surface is always at least the specified
value regardless of the propeller geometry. The thickness discretization is explicitly prescribed. Quadratic
elements are used to prevent shear locking as explained by Zienkiewicz [11].
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(a) Surface discretization (b) Thickness discretization

Figure 2: Propeller discretization

A grid convergence study with structural grids ranging from 140 to 960 cells has been conducted. This
convergence study uses the thrust force as the quantity of interest. The results of this structural mesh
refinement study are presented in Appendix B using the method of Eça and Hoekstra [8]. This method
uses the refinement of geometrically similar grids to determine the convergence behavior and the error of the
selected refinement setting. This method is also used for the fluid grid refinement study and the time step
refinement study. Based on this study, structural refinement settings of 91 cells over the surface and 2 cells
in thickness direction have been selected. This resulting grid is presented in Figure 2.

The structure is simulated using the code Aster [6] structural solver within Salome. The hub is assumed
to be rigid, and the blade-hub connection is a fixed boundary condition. The simulation provides the mass
matrix and stiffness matrix of the entire propeller, and modes of a single blade. The matrices are exported
in a sparse matrix format in order not to run out of memory.
The first mode is the first bending mode, which affects the rake. The second and third modes are twisting
modes. The modal frequencies provide a first insight into the sensitivities of grid refinement for surface
and thickness refinement. The modal frequencies for coarse surface refinement settings tend to be too high,
whereas the modal frequencies for coarse thickness refinement settings are mostly too low. The frequencies
of the first modes are accurate, even for coarse meshes, but the sensitivity for cell refinement in simulated
frequencies becomes larger for the higher modes. The higher modes, therefore, require finer mesh refinement.
The convergence of the modal frequencies relative to the frequency with the largest refinement is presented
in Figure 3 and Figure 4.
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Figure 3: Modal frequency convergence for different levels of surface refinement of the structural grid, fraction
relative to the finest surface refinement setting of Nface,setting = 512. All results are for Nt = 2.

Figure 4: Modal frequency convergence for different levels of thickness refinement of the structural grid,
fraction relative to the finest thickness refinement setting of Nt = 12. All results are for Nface,setting = 64.

The output of code Aster is post-processed to a Hardwell-Boeing (HB) file format for the matrices and a
so-called intnodes file, which contains the nodes at the interface between fluid and structure. Mapping files
are also constructed for the mass and stiffness matrix. These mapping files relate the surface nodes to specific
locations in the matrices.

Cadence Fidelity [2] is used to generate a cylindrical fluid grid around the propeller with a diameter and
height of 10 times the propeller diameter. This is an unstructured grid that mostly consists of hexahedral
elements and some tetrahedrons and pyramids at the layers between refinement levels. A grid convergence
study with fluid grids ranging from 2.1 to 31 million cells has been conducted. This convergence study uses
the thrust force as a measure of convergence. The wall refinement for all these grids is scaled with the length
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of the cell edges, the coarsest grid has a y+ value of 0.5. The results of this fluid mesh refinement study are
presented in Appendix B. The selected grid has 5.1 million cells and a wall refinement of y+ = 0.5. Slices of
this grid are presented in Figure 5.

(a) Front view (b) Side view

Figure 5: Reference fluid grid

The FSI simulation is carried out with the Refresco [7] URANS flow solver. First, a rigid simulation is carried
out to obtain a converged initial flowfield to start the FSI simulation.
The solver uses a grid deformation method where the loads and displacement are transferred using radial
basis functions. The grid deformation is set up using compact support radial basis functions, with a support
radius equal to D/6. This determines to what distance from the surface nodes the grid is deformed. Outside
this radius, the grid remains undeformed.

For the unsteady simulations, a timestep convergence study has been conducted with timesteps ranging from
180 to 2 degrees of rotation. Based on this study, a time step of 10 degrees rotation per timestep is selected.
This is sufficiently fine to only capture the first dry natural frequency. This setting is robust and converges
after 15-30 rotations depending on the simulation case. The simulation always continues for 15 iterations.
The simulations converge to a steady deformation, therefore the deformation of all blades is the same; this
would not be the case when the propeller is operating in a non-uniform flowfield like the wake behind a ship.
All the results are obtained from solutions where the residuals and forces are converged. There can be small
periodic oscillations on the force signal. Therefore the method of Brouwer et al. [1] and the code of Lemaire
and Klapwijk [9] is used to determine when the forces are converged.

The result of the workflow is a new geometry description of the deformed geometry in the form of a ppg file,
similar to the geometry input of the workflow. This can be compared to the initial geometry to determine the
deformation from the change in classical design parameters. This also enables the evaluation of the sectional
deformations of the blades at different radial positions.

3 Results

The workflow is used to simulate the flexible propeller for a range of advance ratios and blade stiffness
settings. The resulting thrust, torque, and blade deformation are investigated. The performance of flexible
propellers is expressed in an open-water diagram, which is presented in Figure 6.
The thrust for the Young’s modulus of E = 3[GPa] is lower at high advance ratios and higher for J < 0.6,
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which is around the optimum efficiency for all propellers. In this case, the efficiency curve of the flexible
propellers does not exceed the efficiency curve of the rigid propeller and is equal for J < 0.6. The efficiency
at equal thrust of the deformed propeller, therefore, exceeds the efficiency of the rigid propeller at advance
ratios below J < 0.6, because of the change in working point J .
For the most flexible results of E = 1[GPa], the thrust is reduced for all advance ratios. The efficiency for
this case is also lower compared to the rigid case. Therefore, this case is less efficient for all levels of thrust.

Figure 6: Open water diagram for material properties of various stiffness

The thrust force of flexible propellers depends not only on the operating condition but also on the material
stiffness. This stiffness determines the deformation amplitude and type of deformation. Very flexible materials
have been simulated up to E = 1/16[GPa]. This presents the non-monotonic behavior of the thrust with
respect to the material stiffness, as shown in Figure 7.

(a) J = 0.6 (b) J = 0.3

Figure 7: Thrust for various material stiffness

The most flexible cases show the thrust approaching zero but not reaching zero due to some thrust that
remains from the blade root region because this is rigidly connected to the hub. From E = 3[GPa] to
E = 1[GPa], there is a sharp drop-off in thrust. This can be explained by the reduction in pitch at the tip
of the blade due to twisting. The pitch reduction at the tip results in reduced tip loading. This is visually
shown in Figure 8. Figure 10 shows a graph of the reduction of pitch in the tip region.
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(a) E = 3[GPa] (b) E = 1[GPa]

Figure 8: Propeller deformation, transparent rigid geometry and pressure distribution on the deformed blades,
J = 0.3

The larger stiffness settings in Figure 7a and Figure 7b respectively indicate an increased thrust up to 2.3%
for J = 0.6 and up to 12% for the heavier loading at J = 0.3. The open water diagram also indicates this
effect is more pronounced for lower advance ratios. To determine the cause of this increase in thrust, we look
in more detail at the deformation of the blades. Radial plots of characteristic propeller properties are made
to investigate the deformation. All radial parameter changes are presented in Appendix E.
The thickness remains almost constant, and chord distribution shows only minimal deformation. This is
because the plane-axial stiffness is larger than the flexural stiffness for out-of-plane deformations.
There is some increase of skew near the tip. This is a side effect of the blade twist because the twist of a
skewed propeller can increase the skew.
The most trivial deformation is rake because the propeller thrust provides a bending force in the forward
direction on the blades in this operating condition. This rake deformation is not presumed to cause the
increased thrust. The rake deformation is largest for the case where J = 0.3 because this is the heaviest
loadcase.
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(a) J = 0.6 (b) J = 0.3

Figure 9: Propeller rake deformation

Changes in pitch and camber have a major effect on thrust, therefore the changes in these parameters are
investigated. The pitch at the hub is fixed by the boundary condition at the hub. There is also no large twist
near the root of the blade because the sections in this region are thicker and more resistant to twisting. The
skewed blade shape enables twisting near the tip, which affects the pitch. The simulation results for both
advance ratios show a reduction in pitch, mainly near the tip region. This would contribute to a reduction
in thrust and is, therefore, no explanation for the increased thrust.

(a) J = 0.6 (b) J = 0.3

Figure 10: Propeller pitch deformation

The camber of the blades can also influence the thrust. For both conditions, we see an increase in camber
over the entire radius, this increased camber is largest near the tip region. This is found in flexible propellers
of all stiffness settings. Therefore, the increase in camber explains the increased thrust. This cambering effect
is largest for larger stiffness in heavily loaded conditions J < 0.6. Here, the increased camber is sufficiently
large to increase the thrust even though the pitch is reduced.
This increased cambering effect is also present in the more flexible case where E = 1[GPa], but here, the
reduction in pitch outweighs the increased camber, resulting in reduced thrust for the more flexible cases.
The increased camber also explains the small reduction in chord length for the case of E = 1[GPa].
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(a) J = 0.6 (b) J = 0.3

Figure 11: Propeller camber deformation

The camber (f) is expressed as the maximum amplitude of the camber line to the chord line. This is an
indicative parameter, but the section profiles at r/R = 0.7 are plotted to visualize the change in camber. This
radial location is selected to be a representative section for propeller performance, as explained by Carlton
[3] based on Lerbs’ equivalent profile procedure. The camber change is substantial, especially for the case of
E = 1[GPa] where the maximum camber location shifts towards the trailing edge. This makes the deformed
section profile look similar to a morphing flap.

Figure 12: Propeller section profiles at r/R = 0.7, J = 0.3, thickness increased by a factor 4

4 Discussion

The developed workflow can simulate isotropic flexible propellers of stiffness as low as E = 1/16[GPa]. This
stiffness is 48 times lower than the reference POM-C material. The selected grid and timestep settings used
in this study work well for a modern propeller such as the Wageningen C4-40 but might not hold for different
geometries.
The simulations in this study are performed in open water conditions. To investigate the in-behind perfor-
mance a wake should be included.
Isotropic materials can be used to twist the blades. It should be noted that this is accompanied by raking
deformations.
It has been found that flexible propellers can increase efficiency by shifting the working point to a higher
efficiency regime. For this case, increased efficiency is only seen for low advance ratios where the propeller
material is not too flexible.
The flexibility of the Wageningen C4-40 propeller has been found to reduce pitch and increase the camber.

9



The amplitude of these effects depends on the material stiffness and the operating conditions. The camber
increase is found to be less prevalent at lighter loading conditions. In some conditions, the thrust can be
increased due to increased camber provided that the pitch deformation is sufficiently small. The increase
in thrust is largest for stiffer materials and lower advance ratios. The increase in camber was found to be
key for improved efficiency, this should be further investigated by showing deformations at multiple radial
locations and blade loading.
To show the change in performance solely due to camber deformation, the performance of the rigid and
deformed geometry should be compared to the rigid geometry, where the camber distribution is adjusted to
the camber of the deformed geometry and the deformed geometry with the original camber distribution. The
cause of the cambering effect should be further investigated.
It is hypothesized that deformation effects on camber and pitch can be decoupled by increasing the aspect
ratio of the blades whilst retaining the blade area ratio. This could increase the twist deformation and reduce
the twist deformation. This can possibly also be achieved by design with anisotropic materials.
Further research will look into the sensitivities of different design parameters and how the efficiency can be
improved for a range of operating conditions.

5 Conclusion

This study presents a workflow that combines multiple software packages to reduce the setup time to simulate
flexible marine propellers of various material properties and operating conditions. Simulations on a flexible
Wageningen C4-40 propeller design have been performed to demonstrate the workflow and indicate changes
in performance and deformations of the blades.
The propeller thrust and efficiency have been found to depend on the material stiffness and operating condi-
tions. A non-monotonic relationship has been found between thrust and material stiffness. This is attributed
to two opposing effects on thrust: a reduction of pitch and an increase in camber. The material stiffness and
operating condition determine if the combination of deformations results in increased or decreased thrust.
Therefore, the change of camber should be considered when designing flexible marine propellers.
This study found that the propulsive efficiency could potentially be increased by using a flexible propeller
where the efficiency is increased for increased propeller loading by shifting the propeller working point into
the higher efficiency regime. The maximum attainable efficiency of the propeller is not increased.
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Nomenclature

Symbol Description Unit

Dhub Hub diameter m
D Propeller diameter m
E Young’s modulus GPa
Fx,total Total thrust force N
J Advance ratio –
Mi Mode number with integer index –
Nc Blade surface refinement in chord wise direction –
Nface,setting Blade surface refinement setting –
Nface Blade surface refinement –
Nr Blade surface refinement in radial direction –
Nt Blade thickness refinement –
P Pitch m
R Propeller radius m
Z Number of blades –
η0 Open water efficiency –
νstructure Poisson’s ratio –
ρstructure Structure density kg/m3

ρwater Water density kg/m3

c Chord length m
fM Modal frequency Hz
f Camber m
r Propeller radial location m
y+ Dimensionless wall distance –

Acronyms

CAD Computer Aided Design

FSI Fluid Structure Interaction

ppg Procal Propeller Geometry

RPM Rounds Per Minute

URANS Unsteady Reynolds Averaged Navier Stokes



Appendices

A Signal convergence

This appendix shows an example of the signal convergence procedure used to determine the effective force
or moment of an oscillating signal, using the procedure of Lemaire and Klapwijk [9].

Figure 13: Thrust force convergence of a flexible simulation with E = 3[GPa] and J = 3

B Refinement study

This appendix shows the refinement studies for different discretization settings. The method of Eça and
Hoekstra [8] is used where larger relative step sizes represent coarser grids or larger time steps.

B.1 Fluid mesh refinement

This appendix shows the fluid mesh refinements from 2.2, 3.2, 5.3, 9.6, 19 to 31 million cells. The number of
cells in the 3D grid is used to determine the relative step size. A grid with 5.1 million cells is selected.



Figure 14: Fluid mesh refinement with the method of Eça and Hoekstra [8]

B.2 Structure surface mesh refinement

This appendix shows the surface mesh refinement of the structure grid. Refinement settings are increased
by a factor of sqrt(2). The setting number of cells in the 2D grid is used to determine the relative step size.
The settings and resulting refinements are shown in Table 2. The refinement setting of Nface,setting = 91 is
selected.

Table 2: Surface refinement settings

Nface,setting Nc Nr Nface

32 5 14 70

45 5 17 85

64 6 20 120

91 8 24 192

128 9 28 252

181 10 33 330

256 12 40 480



Figure 15: Structure surface mesh refinement with the method of Eça and Hoekstra [8]

B.3 Structure thickness mesh refinement

This appendix shows the thickness refinement of the structure grid. The number of cells along one direction
is used to determine the relative step size. The thickness refinement is evaluated at 2, 3, 4, 5, 6 and 8 cells
in thickness direction. The refinement setting of Nt = 2 is selected.

Figure 16: Structure thickness mesh refinement with the method of Eça and Hoekstra [8]

B.4 Timestep refinement

The time step size is evaluated for 180, 60, 30, 10, 5 and 2 degrees of rotation per time step. This time step
in degrees is used to determine the relative step size. A time step size of 10 degrees is selected.



Figure 17: Timestep refinement with the method of Eça and Hoekstra [8]



C Modal frequency convergence

This appendix shows the non-normalized modal frequency convergence for the first 5 dry modal frequencies
of a C4-40 propeller blade with a stiffness of E = 3[GPa]. As stated in Appendix B, a refinement of 91 cells
at the surface and 2 cells in the thickness direction is selected.

Figure 18: Mode 1 frequency convergence for different levels of structural grid refinement

Figure 19: Mode 2 frequency convergence for different levels of structural grid refinement

Figure 20: Mode 3 frequency convergence for different levels of structural grid refinement



Figure 21: Mode 4 frequency convergence for different levels of structural grid refinement

Figure 22: Mode 5 frequency convergence for different levels of structural grid refinement

Figure 23: Mode 6 frequency convergence for different levels of structural grid refinement



Figure 24: Mode 7 frequency convergence for different levels of structural grid refinement

Figure 25: Mode 8 frequency convergence for different levels of structural grid refinement

Figure 26: Mode 9 frequency convergence for different levels of structural grid refinement



Figure 27: Mode 10 frequency convergence for different levels of structural grid refinement

D Geometric changes

This appendix shows the propeller deformation for two operational conditions and various material stiffness.

(a) J = 0.6 (b) J = 0.3

Figure 28: Propeller deformation, transparent rigid geometry and pressure distribution on the deformed
blades, E = 3[GPa]



(a) J = 0.6 (b) J = 0.3

Figure 29: Propeller deformation, transparent rigid geometry and pressure distribution on the deformed
blades, E = 1[GPa]



(a) J = 0.6 (b) J = 0.3

Figure 30: Propeller deformation, transparent rigid geometry and pressure distribution on the deformed
blades, E = 0.5[GPa]



(a) J = 0.6 (b) J = 0.3

Figure 31: Propeller deformation, transparent rigid geometry and pressure distribution on the deformed
blades, E = 0.125[GPa]

E Parametric geometry changes

This appendix shows the radial changes in propeller design parameters for flexible propellers of various
stiffness and for two different operating conditions.

(a) J = 0.6 (b) J = 0.3

Figure 32: Propeller chord distribution for various material stiffnesses



(a) J = 0.6 (b) J = 0.3

Figure 33: Propeller skew distribution for various material stiffnesses

(a) J = 0.6 (b) J = 0.3

Figure 34: Propeller rake distribution for various material stiffnesses

(a) J = 0.6 (b) J = 0.3

Figure 35: Propeller pitch distribution for various material stiffnesses



(a) J = 0.6 (b) J = 0.3

Figure 36: Propeller thickness distribution for various material stiffnesses

(a) J = 0.6 (b) J = 0.3

Figure 37: Propeller camber distribution for various material stiffnesses
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1 Introduction 

Ducted propellers are crucial in enhancing the efficiency of marine propulsion systems, especially for 

vessels requiring high thrust at low speeds, such as tugboats and ships in harsh conditions. Ducts like 

19A and 37A have gained attention due to their ability to improve thrust by effectively directing water 

flow, but their performance is highly dependent on key geometrical factors, such as chord length and 

angle of attack. Optimizing these parameters is essential, as poor design can lead to inefficiencies like 

flow separation and increased drag, reducing overall propulsion effectiveness. The integration of tools 

like CAESES for parametric modeling, STARCCM+ for simulation, and HEEDS Multidisciplinary 

Design Optimization that enables the exploration of how these factors influence the hydrodynamic 

performance of ducted propeller systems. 

This study focuses on determining the optimal duct geometry, specifically examining the chord length 

and angle of attack, to maximize thrust and minimize torque for greater propulsion efficiency. An 

optimal design is crucial to avoid problems like cavitation, vibration, and increased wear, which can 

significantly impact vessel performance. Using STARCCM+ to solve RANS equations with the SST k-

omega turbulence model, the numerical simulations are validated against experimental data. The 

research explores the influence of geometric parameters on thrust, torque, and efficiency, offering 

valuable insights into the development of more efficient and sustainable marine propulsion systems. 

2 Numerical Approach 

2.1 Computational Fluid Dynamics (CFD) phase 

This research investigates the impact of duct geometry on marine ducted propulsion performance. To 

optimize the design and reduce computational cost, the study validates a CFD solution using the Moving 

Reference Frame (MRF) method alongside the steady-state RANS equation. The MRF technique 

simplifies the problem by treating rotating parts, such as propellers, as moving reference frames, 

assuming steady rotation. This approach eliminates the need for high-cost transient calculations, making 

it a more efficient solution for studying ducted propulsion. Therefore, the propeller's rotational speed, 

𝑛 , was kept constant at 15 revolutions per second (rps), while the advance velocity, 𝑈 , was 

systematically varied to examine its effect on the prediction of open-water curve characteristics for a 

range of advance ratios, 𝐽 = 𝑈/ (𝑛 𝐷). The propeller Reynolds number is based on the chord length at 

0.7𝑅 defined as 𝑅𝑒 = 𝐶0.7𝑅√𝑈2 + (0.7𝜋𝐷𝑛)2/𝜈, was estimated to be approximately 5.6×105. 

The simulations maintain a 𝑌+ below 3, with a low wall 𝑌+ treatment that relies on the assumption that 

the boundary layer near the propeller is adequately resolved by the near-wall mesh. 

A representative ducted propeller system, consisting of a KA4-55 propeller within a Wageningen 19A 

accelerating duct, is identified for a validation study. Numerical results are compared with experimental 

data reported by Stark and Shi (2021). Figure 1 shows the 3D geometry, and Table 1 provides the system 

specifications. The computational domain is modeled as a cylinder, following the approach reported by 

Donyavizadeh et al. (2024). The computational domains are shown in Figure 2. The grid for the RANS 

simulation consists of 12 million individual cells, divided into two regions: a rotating cylindrical region 

around the propeller and the inner surface of the duct, comprising 7 million cells, and a fixed region 

encompassing the outer surface of the duct and the rest of the domain, consisting of 5 million cells. 



  
Figure 1: Geometry of propeller KA4-55 and duct of 19A (Carlton 2018). 

Table 1: Geometric Specifications for propeller KA4-55 with duct 19A. 

Propeller KA4-55 

Type of Section Kaplan Expanded Area (EAR) 0.55 

Blade Number (N) 4 Pitch Ratio (P/D) 1 

Diameter (D) 0.25 m Tip Clearance (t) 2 mm 

Duct 19A 

Type of Duct 19A Duct Chord (LD) 0.125 m 

Outer Diameter (DO) 0.306 m Inner Diameter (Di) 0.254 m 

 

  
(a) (b) 

Figure 2: Computational Domain including Fixed Domain (a) and Rotating Domain (b). 

An unstructured hexahedral mesh is used for the fixed domain, while a polyhedral mesh is applied to 

the rotating domain. Prism layers are carefully implemented to capture and resolve the boundary layer 

effectively. The height of the first boundary layer adjacent to the wall was calculated under the 

assumption of 𝑌+ = 1, with 24 layers considered within the boundary layer flow. The grid’s first layer 

height is set at 4.5×10−6 m near the blade surface and 1.5×10−5 m near the duct wall. Figure 3 illustrates 

the mesh on the blade and duct surfaces. To check the accuracy of the numerical solution, the obtained 

results are compared with the available experimental results. The results are expressed as hydrodynamic 

coefficients defined as the propeller’s thrust coefficient 𝐾𝑇𝑃𝑟𝑜𝑝𝑒𝑙𝑙𝑒𝑟
= 𝑇𝑃𝑟𝑜𝑝𝑒𝑙𝑙𝑒𝑟 𝜌. 𝑛2. 𝐷4⁄ , duct’s thrust 

coefficient 𝐾𝑇𝐷𝑢𝑐𝑡
= 𝑇𝐷𝑢𝑐𝑡 𝜌. 𝑛2. 𝐷4⁄ , torque coefficient 𝐾𝑄 = Q 𝜌. 𝑛2. 𝐷5⁄ , total thrust 𝐾𝑇 =

𝐾𝑇𝑃𝑟𝑜𝑝𝑒𝑙𝑙𝑒𝑟
+ 𝐾𝑇𝐷𝑢𝑐𝑡

., open-water efficiency η
𝑜

= J. 𝐾𝑇 2𝜋⁄ . 𝐾𝑄, where 𝜌 is the fluid density around the 

propeller, 𝑛 is the rotational speed of the propeller, and 𝐷 is the diameter of the propeller. In Figure 4, 

The acquired numerical data is displayed and compared with experimental data.  

   
Figure 3: Grid used for the simulation of propeller KA4.5 and duct 19A. 



 

Figure 4: Comparison of the numerical results of 𝑲𝑻, 𝟏𝟎𝑲𝑸, and 𝜼𝒐 for propeller KA4-55 and 19A duct 

with experimental results. 

2.2 Integration Tools and Optimization Phase 

One of the key goals of this study is to optimize the design of the ducted propeller. To achieve this, 

HEEDS MDO 2310 is employed to link the CAD generation process with CFD simulations, allowing 

to identification of the optimal duct geometry based on predefined parameters. 

The workflow was structured in three steps: 

1. Geometric Parameter Definition and CAD Generation: CAESES 5.2.6 is employed to define 

geometrical parameters. The finalized CAD file is then exported for further analysis. 

2. Mesh Generation and CFD Setup: The CAD file is imported into STAR-CCM+. The CFD setup 

has been established. Hydrodynamics characteristics are considered as the output parameters of 

the simulation. 

3. Optimization Coupling with HEEDS: HEEDS facilitates the coupling of CAESES and STAR-

CCM+. HEEDS is responsible for managing design variables and responses based on the defined 

CAD and CFD parameters, leading to the identification of the optimal duct geometry. 

This integration of tools allows for a streamlined and efficient optimization process of the ducted 

propeller. Two different duct geometries, Duct 19A, and Duct 37A, are analyzed in conjunction with a 

Kaplan 4-blade propeller, which is widely utilized in marine propulsion. The geometries of both ducts 

are illustrated in Figure 5. In this study, the angle of attack of the duct profile and the chord length are 

treated as key parameters for investigation. 

  
(a) (b) 

Figure 5: Cross Sections of two types of ducts with defined parameters: a) Duct19A, b) Duct 37A. 

Objective: The objective of this study is to optimize the performance of a system by considering two main 

Objectives: 

• Maximizing Thrust 𝑇 

• Minimizing Torque 𝑄 

Design Variables: The optimization process is influenced by varying the following parameters: 

• Two different profiles of the duct: Duct 19A, and Duct 37A. 

• The angle of attack of the duct 𝐴𝑂𝐴: −5∘ ≤ 𝐴𝑂𝐴 ≤ 5∘ 

• The chord length of the duct 𝐶𝐷: 87.5 𝑚𝑚 ≤ 𝐶𝐷 ≤ 162.5 𝑚𝑚 

Number of Simulations: 

The design space for the problem is extensive and complex, requiring a total of 10,201 simulations 

based on a resolution of 101 for each variable. This number reflects the diverse combinations of angle 



of attack and various duct profiles that must be assessed to find an optimal solution. However, 

conducting all these simulations is computationally demanding, necessitating significant time and 

resources, which presents a considerable challenge due to the extensive evaluations or population in 

design space required. 

To mitigate this issue, the Multi-Objective SHERPA (MO-SHERPA) optimization method is utilized. 

This method is integrated within HEEDS MDO and stands for Simultaneous Hybrid Exploration that is 

Robust, Progressive, and Adaptive. MO-SHERPA is designed specifically for multi-objective 

optimization, effectively balancing conflicting objectives such as weight and load-carrying capacity. It 

employs a Pareto-based search strategy, which allows the exploration of trade-offs among multiple 

objectives without relying on a simple weighted sum, thus ensuring independent optimization of each 

objective for a more comprehensive solution. Additionally, MO-SHERPA incorporates SHERPA’s 

hybrid search strategies that adapt dynamically to the problem at hand, eliminating the necessity for 

user-defined tuning parameters. This results in a highly efficient process, enabling both engineers and 

non-experts to achieve optimal results with reduced computational time. The method is particularly 

adept at balancing trade-offs among crucial objectives such as thrust, efficiency, and torque through 

Pareto-optimal front identification (Chase et al. 2010). In Table 2, the specification of the optimization 

method is available. The resolution of the Pareto front is determined by the archive size (Population-

the number of points on the plot, per cycle). 

 

Table 2: Optimization Setup Specification. 

Optimization Study SHERPA Multiple-objective tradeoff 

Number of Evaluations 180 

Archive Size 12 

Number of Variables 2 for each duct (Duct19A and 37A) 

 

3 Results 

The Pareto front trade-off diagram (Figures 6 and 7) illustrates the relationship between T and Q for 

various ducted propeller designs at 𝐽 = 0.55 , where the x-axis represents thrust and the y-axis 

represents torque. The color gradient corresponds to AOA (a) and CD (b). The curve formed by the 

points shows a clear trade-off between thrust and torque: as T increases, Q also increases. In the Right-

hand figure, Designs closer to the top-right exhibit higher performance in terms of both thrust and torque 

but likely at the cost of greater energy consumption, while designs in the lower-left region, associated 

with larger CD, represent more energy-efficient configurations with lower thrust and torque. 

  
(a) (b) 

Figure 6: Pareto diagrams of duct 19A at 𝑱 = 𝟎. 𝟓𝟓: a) Effect of AOA, b) Effect of CD on thrust and 

torque. 

In Figure 6, several best designs are labeled, highlighting specific performance characteristics. ID 16 

and ID 154 are located near the lower thrust-torque region, indicating designs with smaller ducts and 

lower thrusts. Conversely, IDs like 123 and 73, positioned in the upper-right portion of the diagram, 



represent high-performance propellers with smaller ducts. The B.L. point is the baseline design, as 

marked in Figure 6-8. This diagram helps to visualize the design space to make well-informed choices 

about how to balance different design goals, showing that larger ducts yield lower thrust and torque, 

while smaller ducts offer more efficient design points, to help. 

  
(a) (b) 

Figure 7: Pareto diagrams of the duct 37A at 𝑱 = 𝟎. 𝟓𝟓: a) Effect of AOA, b) Effect of CD on thrust and 

torque. 

A surrogate model is obtained using the Kriging method with a second-order Gaussian function and 

Gaussian Process Tuning. Table 3 presents the specifications of the surrogate model.  

 

Table 3: Surrogate Study Specification of Efficiency. 

Type of Duct Surrogate Type Fitting Function Polynomial Order R2 RMSE 

19A Kriging Gaussian 2 0.993 0.0012 

37A Kriging Gaussian 2 0.994 0.0013 

 

Duct19A and Duct37A, with R² values of 0.993 and 0.994, respectively, which are close to 1, and 

RMSE values of 0.0012 and 0.0013, respectively, which are near zero, demonstrate the surrogate 

model's high accuracy in capturing the variability in the response. In Figure 8, the surrogate 3D surface 

diagram for duct 19A and 37A at 𝐽 = 0.55 is presented. The surrogate surface model demonstrates a 

rather smooth response, indicating a well-behaved relationship between the input parameters and the 

output response. 

  
(a) (b) 

Figure 8: 3D response surface of surrogate study at 𝑱 = 𝟎. 𝟓𝟓: a) Duct 19A, b) Duct 37A. 

In Figure 9, The importance of AOA and CD on response values of thrust, torque, and open water 

efficiency is illustrated to identify the most influential variables in a study with a Boruta method. Boruta 

is a method for determining how much each design variable affects responses, which allows the 

response influence plot to be available for any study type (Miron 2011). The analysis indicates that 

variations in the duct AOA significantly enhance efficiency in comparison to CD. In contrast, changes 

in chord length predominantly influence torque. Overall, the results emphasize the necessity of a 



balanced optimization approach to maximize thrust and minimize torque while improving open-water 

efficiency. 

  
(a) (b) 

Figure 9: Importance of AOA and CD on Hydrodynamics characteristics at 𝑱 = 𝟎. 𝟓𝟓: a) 19A, b) 37A. 

In Table 4, the best design points for Duct 19A and Duct 37A have been extracted, and their 

hydrodynamic performances have been compared. 

Table 4: Optimal Design Results for Ducts 19A and 37A. 

 Design ID AOA (deg) CD (mm) T (N) Q (N.m) ηO (%) 

Duct 19A 

BL 0 125 178.17 6.73 57.912 

154 -1.5 129.5 183.54 6.80 59.062 

16 -1.4 129.5 183.42 6.80 59.049 

19 -0.6 108.5 190.60 7.06 59.043 

Duct 37A 

BL 0 125 173.83 6.63 57.383 

180 2.5 87.5 192.64 7.22 58.374 

102 2.4 87.5 192.44 7.22 58.344 

175 2.4 88.25 192.04 7.20 58.342 

4 Conclusions 

The conclusion of the study highlights the successful optimization of the open-water performance of 

ducted propellers, focusing on geometric parameters like the chord length and angle of attack. By 

employing advanced numerical simulations and optimization tools like HEEDS MDO and STAR-

CCM+, the study identified optimal configurations to maximize thrust and minimize torque. 

Specifically, for Duct 19A, the optimal design achieved an efficiency of 59.02% at an AOA of -1.5 deg 

and CD of 129.5 mm. Similarly, for Duct 37A, the optimal design yielded an efficiency of 58.37% at an 

AOA of 2.5 deg and CD of 87.5 mm. These findings demonstrate a clear trade-off between thrust and 

torque, with smaller ducts providing more efficient designs. The study’s results, validated against 

experimental data, offer valuable insights for improving marine propulsion efficiency, laying the 

groundwork for further advancements in sustainable ducted propeller design. 
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Abstract

Ship performance in waves has become a main concern in reducing emissions from global sea transport.
When ships operate in real sea conditions, emissions are higher than in calm water. Therefore, it is crucial
to calculate ship performance in waves accurately and efficiently. This work focuses on the numerical
investigation of the interaction between ships and waves. The six degrees of freedom (6DOF) motions
of the vessels are simulated using a direct forcing immersed boundary method (DF-IBM) within the
computational fluid dynamics (CFD) model REEF3D::CFD. The DF-IBM has been upgraded with a
new density interpolation method to account for the sharp density gradient at the solid-fluid interface.
This upgrade eliminates unphysical spurious phenomena and improves the stability and accuracy of ship
simulations. The hydrodynamics are solved from the Navier-Stokes equations on a staggered structured
grid. The water-air interface is captured using a level-set method (LSM). The LSM, combined with
high-order discretization methods and initialization steps, can capture the complex free surfaces of ocean
waves and their interactions with structures. In this study, the capability of the upgraded direct forcing
immersed boundary method for ship hydrodynamics is investigated and the results are presented.

1 Introduction

The energy efficiency of newly designed vessels has gained great importance in recent years. The In-
ternational Maritime Organization (IMO) has introduced a policy called the Energy Efficiency Design
Index (EEDI), which aims to limit ships-sourced CO2 emissions in the global sea. Thus, a vessel’s EEDI
must comply with a certain required value. However, the calculation procedure of EEDI is based on calm
water conditions despite being the exception in the ship’s lifetime. In contrast, vessels are often exposed
to waves in real sea conditions, causing increased fuel consumption or reduced ship speed (Ley et al.
(2014)). From this point of view, it becomes very crucial to calculate the ship performance in real sea
conditions rather than calm water. With the rapid growth in computational power and advanced numer-
ical methods, as well as rising safety concerns for vessels in extreme weather conditions, the number
of studies using CFD for calculating ship motion and added resistance has increased over the past two
decades. Orihara and Miyata (2003) solved the RANS equations using the finite volume method (FVM)
on an overlapping grid system to evaluate the added resistance of a hull form. The free surface was cal-
culated using the density-function method. Deng et al. (2010) also performed RANS simulations using
FVM to calculate the added resistance and heave and pitch motion of KVLCC2 tanker in head wave.
Simonsen et al. (2013) investigated KRISO Container Ship (KCS) in regular head sea conditions both
experimentally and numerically. For the CFD study, CFDSHIP-IOWA and Star-CCM+ were used for
RANS calculations, and AEGIR was used for potential flow simulations. Ley et al. (2014) examined
the added resistance of two different types of ships in waves using the RANS-based solvers, Comet and
OpenFOAM. Moctar et al. (2017) also conducted studies on the added resistance of DTC in waves, both
experimentally and numerically. Furthermore, Sigmund and el Moctar (2017) presented the effect of
head waves on propulsion characteristics. Sigmund and El Moctar (2018) also published experimental
and numerical data on four different ship types in short and long waves. Tezdogan et al. (2016) carried
out full-scale RANS simulations of the ship’s motion in shallow water, revealing that the ship motion in
shallow water differs significantly. Islam and Guedes Soares (2021) performed head wave simulations
of KCS using OpenFOAM. The numerical results show that the sea margin value should be determined
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considering real sea conditions. Most recently, there is an also uptake on seakeeping simulations in com-
plex wave conditions like a bi-directional cross wave (Huang et al. (2021)) or irregular waves (Gatin
et al. (2019)) besides uni-directional regular waves.

In this study, sea-keeping simulations of David Taylor Model Basin (DTMB) model 5415 at a 1/46.6
scale are performed using an upgraded direct forcing immersed boundary method (DF-IBM) within the
numerical framework REEF3D::CFD (Bihs et al. (2016)). REEF3D is an open-source hydrodynamic
framework developed at NTNU, focusing on wave hydrodynamics and coastal and marine applications.
The objective of this research is to evaluate the capabilities of the numerical model for ship sea-keeping
simulations. The numerical results are compared with experimental measurements for Fr = 0 and Fr = 28
under regular wave conditions.

2 Numerical Model

The Navier-Stokes (N-S) equations with the continuity equation are solved to ensure the conservation of
mass and momentum as below:

∇ · u = 0 (1)

∂u
∂t
+ u · ∇u = −

1
ρ
∇p + g + f (2)

where u is the velocity vector, ρ is the density of the fluid, p is the pressure, g the acceleration vector
due to gravity. A direct forcing immersed boundary method (Soydan et al., 2024) is implemented for the
fluid-structure interaction and forcing term f is added to the momentum equation to take into account the
rigid body velocity field in the fluid domain.

f =

∂P(u)
∂t + P(u) · ∇P(u) + 1

ρ∇p − g if Φs < 0

∇ ·
(
ν
[
∇u + ∇uT

])
if Φs > 0

(3)

The forcing term f is calculated in solid and fluid domains as in Eq. 3. Here, Φs is the level set function
that is used for tracking the fluid-solid interface, and P(u) is the rigid body velocity field. The forcing
term f is smeared out through the solid and fluid interface with a smoothed Heaviside function H(Φs) as
in Eq. 4.

f(n+1) ≈ f(∗) = H
(
Φ

(∗)
s

)
·

(
P(u(∗)) − u∗

2αk∆t

)
(4)

The intermediate velocity field u(∗) is calculated with an explicit third-order low-storage Runge-Kutta
scheme. (Spalart et al., 1991). Here, αk is a Runge-Kutta coefficient and ∆t is time-step. The intermediate
rigid-body velocity field P (u(∗)) is calculated as in Eq. 5 with the translational rigid-body velocity vector
ẋi, the angular rigid-body velocity vector ω and the distance vector to the center of gravity of the rigid
body r.

P
(
u(∗)

)
= ẋi + ωi × r (5)

By integrating the fluid properties (pressure p, the viscous stres tensor τ) over the solid surface Ω, the
body forces and momenta are calculated as below:

Fi =

∫
Ω

(−np + ρνnτ)dΩ(x) =
N∑

i=1

(−np + ρνnτ)i · ∆Ωi (6)

Mi =

∫
Ω

r × (−np + ρνnτ)dΩ(x) =
N∑

i=1

ri × (−np + ρνnτ)i · ∆Ωi (7)

where n,p and τ are the surface normal vector on the solid body, the pressure and the viscous stress
tensor, respectively.
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The system of equations is discretized with finite differences on a rectilinear staggered grid. The con-
vection term is solved with a fifth-order accurate weighted essentially non-oscillatory (WENO) scheme
(Jiang and Shu (1996)), while the second-order accurate central finite difference scheme is used for
diffusion terms. The pressure gradient in the RANS equation is solved using an incremental pressure-
correction algorithm (Timmermans et al. (1996)), as explained in Martin et al. (2021). To improve com-
putational efficiency, the fully parallelized BiCGStab algorithm from the HYPRE library (van der Vorst
(1992)), coupled with a geometric multigrid pre-conditioner (Ashby and Flagout (1996)), is employed to
solve the Poisson equation.

2.1 Density Interpolation Method
The DF-IBM is upgraded with a new density interpolation method to handle the sharp density gradient at
the solid-fluid interface. As shown in Fig. 1.a, the material properties of the solid body can be assigned in
the fluid domain. Due to the high-density gradient in the vicinity of the solid body, spurious velocities can
occur in the interface leading to numerical instability. To maintain the numerical stability, the transition
layer (ϵ = 2.1dx) between the solid and fluid interface should be relatively large, decreasing numerical
accuracy. In order to upgrade the method , the new density interpolation method is implemented as
illustrated in Fig. 1.b. Here, the density and viscosity of the fluid are set the same inside and outside the
solid body. Thus, the artificial density gradient in the interface is removed and numerical stability can
be obtained with a thinner transitional layer (ϵ = 0.6dx). In this way, the accuracy of the method is also
increased. In this study, this method is subjected to a test for the ship-seakeeping simulations.

(a) Discontinuous solid density (b) Continuous fluid density

Fig. 1: Floating body density treatment

3 Numerical Results

The David Taylor Model Basin (DTMB) 5415 ship at a 1/46.6 scale is used for the ship-seakeeping sim-
ulations. This model is a well-known benchmark case used for the validation of the numerical algorithms
for ship hydrodynamic simulations. The main properties of the ship are given in Table 1. The numerical

Table 1: Maain dimensions of DTMB 5415
λ = 46 Model Full Scale
Lpp(m) 3.048 142.0
Bwl(m) 0.405 19.06
T (m) 0.123 6.15

V (m3) 0.827 8424.4
CB(−) 0.506 0.506
Sw(m2) 1.371 2972.6

wave tank (NWT) is created to represent the experimental wave basin. Numerical framework REEF3D
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has different types of wave generation and absorption methods, including the relaxation method, the
Dirichlet-type method, and the active wave absorption method, as explained in (Miquel et al., 2018). In
this study, the Dirichlet-type method is used for the wave generation and absorption and a 2nd-order
Stokes wave is generated. The computational domain, grid stretching applied around the ship and the
free surface are given in Fig. 2. Previously, the method was validated under a regular wave condition

Fig. 2: Computational grid for simulations

(T=1.712 s, H=0.072 m) with Fr=0 and the results were presented in (Soydan et al., 2023). Experimental
measurements were obtained from Irvine (2008). Three different grid sizes were used for the conver-
gence study. Fig. 3 shows the numerical results with the experimental measurements. For the wave and
current simulation, the mesh size dx = 0.025 is used. The Froude number is 0.28 and the wave height
is H=0.0364 m and the wave period is T=1.089. Fig. 4 presents the numerical results of the experiment,
showing a good agreement. Fig. 5 shows the vertical velocity field on the free-surface. As can be seen,
the Kelvin wave is captured with the numerical method. 20 seconds simulation takes 2 hours on a M1
Max Macbook5 Pro, using 8 processors.
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Fig. 3: Ship motion responses, Fr=0.0
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(a) t/T=5.0

Fig. 5: Ship motion with vertical velocity z

4 Conclusion

An upgraded direct-forcing immersed boundary method was tested and validated for the ship-seakeeping
simulations. The method was upgraded with a new density interpolation method to improve stability and
accuracy. Simulations were carried out in pure regular wave conditions and wave-current conditions at
Fr=0.28. In both cases, the numerical results show a good trend with the experimental data, showcasing
the applicability of the numerical method for the ship-seakeeping simulations.
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1.0 Abstract 

 

Submarines are vital for maritime defense, requiring optimized hydrodynamic performance to minimize 

resistance. Advancements in Computational Fluid Dynamics (CFD) enable accurate predictions of submarine 

hydrodynamics for optimal design. This study compared the meshing capabilities of OpenFOAM and commercial 

software as well as the performance of High-Performance Computing (HPC) and standard PC resources upon 

hydrodynamic characteristics. The RANS turbulence model with 𝑘 − 𝜔 𝑆𝑆𝑇 was employed to analyze the 

resistances of the MARIN’s BB2-class submarine. CFD simulations were conducted at a model scale (1:35.1) at 

a speed of 1.8235 m/s ( 𝑈𝑠 of 21 knots) upon various mesh densities from 1 to 97 million cells. Empirical equations 

were initialized for turbulence parameters. Mesh sensitivity and iteration convergence ensured validated results. 

The findings showed that the results were validated with errors ranging from 0.3% to 10% across different mesh 

densities. The lowest error (0.3%) was achieved with 97 million cells generated by the commercial meshing tool 

with HPC, while 13 million cells by OpenFOAM with a standard PC resulted in a 3.4% error. Accuracy improved 

with precise initialization of turbulence parameters, mesh strategy, numerical schemes, and computing resources. 

The application of a standard PC with the OpenFOAM meshing tool was able to produce an acceptable accuracy, 

with less than 5% error for lower mesh densities. Thus, it can be suggested that using a standard PC was beneficial 

for preliminary hydrodynamic simulations. However, HPC with commercial software was essential for detailed 

industrial analyses, such as full-scale resistance and propulsion simulations. 

 

2.0 Introduction 

In 1872, William Froude revolutionized maritime engineering by constructing the world's first physical basin for 

testing ship models. This innovation spurred the development of numerous tank facilities globally dedicated to 

examining various aspects of ship hydrodynamics, such as resistance, propulsion, maneuverability, and 

seakeeping. While more economical and quicker than full-scale measurements, these model tests paved the way 

for advancements in virtual testing through computer simulations. Numerical simulations offer distinct advantages 

due to their speed and ease of optimization, significantly reducing the time needed for conceptual design analysis 

to mere days (Gao et al., 2018). The 28th ITTC (2017) introduced comprehensive guidelines for applying CFD in 

ship analysis to address cost concerns further. CFD not only cuts expenses but also yields highly detailed data, 

enriching fluid dynamics insights. Selecting appropriate turbulence models, such as RANS, is crucial for accuracy 

in CFD simulations. Additionally, ensuring a properly set mesh with high cell density is vital for reliable and 

convergent results, although computational power limits the number of cells that can be used (Jasak et al., 2019). 

Recent advancements in High Performance Computing (HPC) have significantly enhanced CFD methods, 

allowing for higher grid densities, more parallel processors, and accelerated convergence times. Despite these 

benefits, the high costs associated with acquiring and maintaining HPC systems remain a significant challenge, 

particularly for smaller organizations and research institutions. The research explored CFD methodology by 

conducting numerical simulations on the SSK class attack submarine BB2 at a 1:35.1 model scale (Overpelt et 

al., 2015). MARIN provided the 3D CAD of the full-scale submarine, while Sirehna, Naval Group supplied lab-

scale data and high mesh density for verification. The Nautilus HPC system from GeM, ECN, was used for 

simulations, processed with OpenFOAM 11. Mesh generation, ranging from 1 to 97 million cells, was done using 

SnappyHexMesh and the Cadence Fidelity meshing tool. The results of both approaches were validated with 

experimental and highest mesh density. A summary of the comparison between PC and HPC was also studied. 

Eventually, the local viscous and pressure forces along the hull were investigated to determine the spot that 

experienced the highest stress. 

 

3.0 Numerical CFD setup 
This study applied the finite volume method to discretize the computational domain of the Navier-Stokes (NS) 

equation into small control volumes. All the solution fields were stored in the centroid of the control volume. The 

segregated solver was utilized to solve the scalar matrix equations in an iterative sequence. The RANS turbulence 
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model with wall function (𝑦+ >30) and wall resolved (𝑦+ <5) was utilized in this research. The numerical 

parameters were configured in the open-source CFD code, OpenFOAM11. In this study, we simulated the 

submarine in a fully submerged isovolume and isothermal in steady state condition to simplify the equation of NS 

equation as follows: 

 

 𝛻. (𝒖) = 0 (1) 

 𝜕(𝒖)

𝜕𝑡
+ 𝛻. (𝒖𝒖) =

−𝛻𝑝

𝜌
+  𝜈𝛻2(𝒖) 

(2) 

 

The closure equations, typically derived from experimental data and adjusted for optimal performance across 

various flow conditions (Wilcox, 2008). The initialization of 𝑘 and 𝜔 is significance to ensure the solution reach 

convergence and avoid numerical diffusion. In this study, the value of  𝑘 and 𝜔 can be initialized approximately 

according to viscosity ratio, 
𝜇𝑡

𝜇
 and turbulence intensity, 𝐼  as follows: 

 
𝜔𝑓𝑎𝑟 =

𝜌𝑘

𝜇
(

𝜇𝑡

𝜇
)

−1

   ,    𝑘𝑓𝑎𝑟=
3

2
(𝑈𝐼)𝟐 

(3) 

 

Since this case was incompressible and in a steady-state condition, the transient term was set to be steady state. 

The RANS of 𝑘 − 𝜔 𝑆𝑆𝑇 was utilized as a turbulence model, which is capable of solving for both low and high 

𝑦+ values (Menter et al., 2003). The solution solver employed was the Semi-Implicit Method for Pressure-Linked 

Equations with Consistence (SIMPLEC). For the initial stage of verification and validation, the free stream 

velocity, U, utilized was 21 knots at real scale, as referred to by Overpelt et al. (2015), and was scaled down by 

Froude similitude as recommended by ITTC (2014) at 𝑈𝑚 = 𝑈𝑠/√𝜆  with a ratio of (1:35.1) to ensure similarity 

with the model test (Lab-scale) provided by Sirehna, Naval Group. The BB2 submarine particulars were as shown 

in Table 1, while the initialization of physics and turbulence parameters was as shown in Table 2. 

 

                    Table 1. Submarine BB2 particulars                              Table 2. Initialization physic and turbulence              

 

 

 

 

The submarine simulation is in fully submerged domain as constructed the computational domain w.r.t to L= 2m 

as (8m x 14m x 8m) referred to 28th ITTC (2017) that is affordable to simulate the flow efficiently as shown 

Fig.1. An adequate computational domain ensures numerical stabilities, avoiding the backflow and numerical 

oscillations may arise that affecting the accuracy and reliability of the simulation results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1: (a) 3D Computational Domain and Boundary Conditions, (b) Side view, (c) Top View 

Description Symbol / 

unit 

Full 

(1:1) 

Model 

(1:35.1) 

Length overall L (m) 70.2 2 

Beam B (m) 9.6 0.2735 

Depth (to deck) D(m) 10.6 0.3020 

Depth (to top of sail) Dsail(m) 16.2 0.4615 

Parameter Unit Value 

𝑈𝑚 𝑚/𝑠 1.8235 

𝑘 𝑚2/𝑠2 0.0005 

𝜔 1/𝑠 498.77 

𝜈𝑤 𝑚2/𝑠 1e-06 

𝜌 𝑘𝑔/𝑚3 1000 

𝜇𝑡/𝜇 - 1 

𝐼 - 1% 

𝑅𝑒 - 3.65e06 

(a) 

(b) 

(c) 
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The near-wall treatment on the submarine hull was set based on the 𝑦+ value. In this study, the mesh was generated 

in 3 cases, including (i) mesh from 1 to 13 million cells, which was generated by snappyHexMesh in OpenFOAM 

using a standard PC, (ii) mesh of more than 20 million cells, which was generated by snappyHexMesh in 

OpenFOAM using HPC, and (iii) mesh of more than 20 million cells, which was generated by Cadence using 

HPC. For (i), initially, a hexahedral background mesh was created by the blockMesh utility to set up the global 

base size, ∆ (dx, dy, dz), at the ratio of ∆/𝐿 =0.05. The ratio could be modified to refine or reduce the mesh density 

globally throughout the domain by ∆/√2 based on ITTC (2017) and (Paredes et al., 2021), from low to high mesh 

densities. Then, snappyHexMesh was utilized to produce the castellated mesh, surface mesh snapping, and to add 

boundary layer configuration. The targeted boundary layer was 6 to 8 layers, as suggested by prior studies 

conducted by Paredes et al. (2021) and Jasak et al. (2019). Refinement on mesh surfaces with levels (5,6) was 

used to achieve a smooth surface and curvature. The refinement region tool was employed for two regions near 

the submarine wall, in which each region reduced the size of the cells, ∆/2𝑛  as they approached closer to the 

submarine's hull, as presented in Fig. 2. The size of the elements in the inner refinement region, ∆𝑖𝑟 was adjusted 

according to the targeted 𝑦+ value. The stretching factor, r, of 1.2 for boudary layer generation was utilized. The 

targeted first layer thickness, 𝑦1, boundary layer thickness, 𝛿, and number of prism layers, 𝑚, could be 

approximated based on the targeted 𝑦+ (White & Majdalani, 2022), as represented in the equation below. 

 

 
𝑦+

𝑦1
=

0.0487. 𝑈𝑚

𝜈. ln (0.06. 𝑅𝑒)
 ;     𝛿 =

0.16𝐿

𝑅𝑒1/7
 ;     𝑚 =

ln (1 − (1 − 𝑟)
𝛿
𝑦1

ln(𝑟)
 

(4) 

 

In Fig. 2, (i) indicates the inner refinement region, ∆𝑖𝑟= ∆𝑜𝑟/2𝑛 , while (o) shows an outer region, ∆𝑜𝑟= ∆𝑏/2𝑛 

and (b) background region, ∆. The same strategy is utilized for case (iii) generated by Cadence for high mesh 

density. 

 

 
Fig. 2: Meshing Strategy, refinement zone dimension (Side and Top View). 13,705,468 cells (snappyHexMesh) 

 
All the meshes generated for each case were processed in CFD code of OpenFOAM 11.The SIMPLEC with under 

relaxation factors on parameters 𝑈=0.9, 𝑘 and 𝜔 are 0.7 were utilized. For the gradient, divergence and Laplacian 

schemes were discretized using the second-order scheme: cellLimited Gauss linear 1, bounded Gauss 

linearUpwindV, and Gauss linear corrected. The simulation has been monitored up to 1000 iterations for 

convergence. Two iterations of non-orthogonal mesh correctors have been utilized to have stable solution. The 

geometric-algebraic multigrid solver (GAMG) with Gauss Seidel for smoother solver has been used for quantities 

of the transport equation. By varying the mesh density via mesh refinement factor systematically according to the 

targeted 𝑦+, mesh convergence study has been conducted. Note that, by applying the mesh refinement, the 

numeric setup remains the same for all the cases as illustrated in Table 3. 

 

4.0 Results and Discussion - Submarine hydrodynamic assessment  

The HPC resources were employed for computations involving high mesh density, while a standard Pc was used 

for simulations with lower mesh density. The specifications of the resource utilized are shown in Table 3. While 

the summary of sample cases conducted is presented in Table 4. The global resistance of submarine is taken for 

studying the hydrodynamic assessment. The global resistance, 𝐹𝑡  contributed by integration of two components 

along the submarine which are pressure, 𝐹𝑝 and viscous, 𝐹𝑣 forces that solve in x-direction. Then the 𝐹𝑡 can be 

compared it with experimental results for verification and validation process (Overpelt et al., 2015). Initially, the 

mesh convergence study was conducted on Case 1 to 7 (1 – 13) million using snappyHexMesh with 6 cores of 

CPU. Then, the mesh for Case 5, 6 and 7 taken as a base for determining the order of convergence, 𝑝, estimated 

extrapolated solution, relative error, 𝑒21 and grid convergence index (GCI) computed based on Richardson 

extrapolation referred to prior study (Celik et al., 2008) and ITTC guidelines (ITTC, 2017). It is shown that, the 
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average 𝑦+ reduces from 478 till 7.5 when increase the mesh density as shown in Fig. 3 and Table 6.  Thus, the 

wall function is utilized for wall treatment in viscous sub layer region. However, the Avg. 𝑦+ less than 10 for 

mesh of Case 5 -7 can be acceptable as referred from Paredes et al. (2021), which used a mesh of Avg. 𝑦+= 16.48 

for his submarine computation.  

Table 3. Computing resources                                                              Table 4. Sample Cases 

 

Fig.4 presents Case 1 – 7 simulation results using standard Pc. The trends are significant in providing information 

on mesh and iterative convergence concerning the quantity of interest (Qoi), 𝐹𝑝 and 𝐹𝑣 getting constant at specific 

iterations when mesh densities increase (Abidin et al., 2021). The results of the mesh sensitivity study for Mesh 

Cases 5 to 7 are shown in Table 6. 
 

 

 

 

 

Fig.3: The average Log-Scale (𝑦+) for Cells (180k – 13 million)                   Fig.4: The prediction 𝐹𝑝 and 𝐹𝑣  

The results of the mesh sensitivity study and Richardson extrapolation procedure are shown in Table 5. It shown 

that the fine mesh of Case 7 is well converged in terms of the relative error, 𝑒21 and the 𝐶𝐺𝐼21. The parameter of 

𝑠=1 indicates the monotonic convergence, as presented by Eça & Hoekstra (2014). While the refinement ratio, 

𝑟21 and 𝑟32 are both greater than 1.1 indicating the meshes are sufficient for good mesh sensitivity study. As an 

error of 0.44% is likely to be acceptable for most engineering studies, the solution on an infinitely fine mesh can 

be used with confidence. Furthermore, the order of convergence, 𝑝 = 2, is the ideal order of convergence. 

Therefore, the extrapolated global resistance approximates as 𝐹0 ≈ 𝐹𝑡=12.48N. Hence, any further mesh 

refinement is likely to give noticeable improvements in the accuracy of global resistance and could be worthwhile 

if the computational cost is reasonable. 

Table 5. Results of Mesh Convergence Study 

𝒓𝟐𝟏(-) 𝒓𝟑𝟐(-) 𝒔 (-) 𝒆𝟐𝟏(%) 𝒆𝟐𝟏
𝒆𝒙𝒕(%) 𝒑(-) 𝑪𝑮𝑰𝟐𝟏(%) 𝑭𝟎 (N) 

1.107 1.369 1 0.08 0.35% 2 0.44% 12.4758 

 

Case 7 illustrated good CGI. Nevertheless, the verification and validation can be achieved by comparing them 

with experimental data from Sirehna, Naval Group. The summary of errors and computation times obtained for 

the entire study is presented in Table 6. Cases 8 and 9 generated the high mesh density using snappyHexMesh via 

HPC. While for cases 10 to 13, the high mesh density generated by Cadence can target the maximum Avg. 𝑦+ 

less than 1. Thus, wall resolved was applied to compute the viscous sub-layer accurately. It can be observed that 

Cases 4 to 7 (standard Pc) and 10 to 13 (HPC) illustrated errors of less than 5%. A comparison between the 

accuracy, computing times and meshing tool for standard Pc and HPC is presented in Fig. 5. As discussed earlier, 

the mesh of Case 7 obtained good CGI and produced error of 3.4% using the OpenFOAM meshing tool. However, 

in Cases 8 and 9, the error increased to 9.4%, and the accuracy did not improve. This was due to poor generation 

and collapsing of cells vertex onto surface in the boundary layer zone, which negatively affected the interpolation 

of solution.While for Case 10 to 13, with high mesh density presented accuracy improve until the error reduces 

to 0.3%. Fig. 5 (right) illustrates the comparison between accuracy and computation on both resources utilized. It 

can be observed the computation time of Case 7 (13 million) had overtaken by Case 10 (26 million) due to 

contribution number of cores in HPC. The time spent increases with increment of mesh density. In addition, Table 

Resources  Type Computing 
HPC Nautilus cluster in Glicid, 5376 AMD 

Genoa cores, 28TB RAM, 16 A100-

80GB GPUs, 8 A40 GPUs, 100GB 

infiniband network 

High Mesh 

Density  

(>20 millions) 

Pc Dell, 13th Gen Intel(R) Core(TM) i7-

13850HX, 2100 Mhz, 20 Core(s), 32GB 

RAM 

Lower Mesh 

Density 

(<20 millions) 

Case Mesh tool Resources Target 

𝒚+  

1 - 7 SnappyHex 

Mesh 

Standard PC 5 

8 -9 SnappyHexMesh HPC 1 

10 - 13 Cadence  HPC 1 
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6 and Fig. 5 presented the comparison on surface mesh generation between both tools. We discovered the 

OpenFOAM meshing tool has difficulty on generating the targeted boundary layer of 𝑦+ in contrast to Cadence.  

Table 6. Summary of Simulation on Various Mesh Densities 

 
 

 

 

 

 

 

Fig.5: The accuracy and CPU time for standard PC (6 cores) and HPC (50 cores) 

Detailed observation on sail planes or rudder planes showed an unsmooth surface at the edges that was expected 

to influence the accuracy of wall shear stress as shown in Fig. 6. Fig. 7 illustrated the hydrodynamic forces of 𝐹𝑣 

and 𝐹𝑝 distributed along the hull for each section from bow to tail of submarine. It was observed  the  𝐹𝑣 is 

dominated over 𝐹𝑝 contributing as 85% towards global resistance. The  𝐹𝑣 is highest at the sail (𝑥/𝐿 = 0.8 – 0.5) 

and tail ( 𝑥/𝐿 = 0.1 – 0) regions. The turbulent field was substantially altered by the sail, sail planes, and rudder 

planes, which significantly modified the flow and influenced the distribution of  𝐹𝑣.  The wake was influenced by 

the shear layer from the sail planes of fins' trailing edge as shown in Fig 8 (at straight ahead speed, 𝑈𝑚 = 1.8235). 

The sail on the upper side of the hull generates an adverse pressure gradient, which results in the formation of a 

horseshoe vortex that travels downstream and interacts with the boundary layer of the hull. The sail on the upper 

side of the hull generated an adverse pressure gradient, which resulted in the formation of a horseshoe vortex that 

traveled downstream and interacted with the boundary layer of the hull. The sail's trailing edge and rudder section 

also generated additional vortices, as shown in similar studies by Rocca et al., (2022). Nevertheless, the flow 

structure was unable to clearly visualize the vortices generated accurately due to the steady solver and RANS 

assumption utilized in this study. 

 

 

 

 

 

Fig.6: The comparison between meshing tools of SnappyHexMesh (Case 7) and Cadence (Case 11) 
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Fig.7: The Local Forces Distribution                  Fig.8: The Flow characteristic along the hull (Q criterion)  

5.0 Conclusion 

A good agreement is observed between the CFD predictions and experimental data, particularly with the high 

density of mesh, regarding the hydrodynamic characteristics of the submarine hull with integral of  𝐹𝑣 and 𝐹𝑝 at 

various mesh densities. It is concluded that the mesh generated by OpenFOAM with standard Pc is acceptable, 

with an error less than 5%. Case 7 exhibiting a 3.4% error with GCI of 0.44% demonstrates an acceptable value 

and approximate by Richardson extrapolation method according to ITTC standards. However, the OpenFOAM 

meshing tool appeared to be unable to improve the accuracy of solution even though able to generate high density 

mesh such Case 8 and 9 as in Fig. 5. While the utilization of HPC shows advantages like flexibility in generating 

high-density mesh and allows for larger computation times. Moreover, the usage of commercial meshing tools 

such as Cadence is shown to accurately generate boundary layers according to targeted 𝑦+ based on Eq.4, leading 

to an increase in global mesh density and a reduction of error to 0.3%. Rigorous assessment on Cases 1 to 7 

demonstrates that standard Pc is significance for conducting preliminary ship hydrodynamic simulations while 

HPC systems are indispensable for handling more intricate and detailed industrial analyses, such as full-scale 

resistance and propulsion simulations. However, results obtained from standard Pc should be verified against high 

mesh density results (Case 13) or experiment before being utilized for further analysis. However, it is imperative 

to ensure correct initialization and boundary condition values, as discussed in the previous section. The choice of 

numerical scheme for discretizing transport equations significantly influences stability, accuracy, and solution 

boundedness based on specific cases. The investigation on global and local contributions of hydrodynamic 

components shows that the sail and rudder experience highest  𝐹𝑣  due to strong turbulent field, steep pressure 

gradients, and high velocity gradients. Our findings highlight the complementary roles of HPC and standard Pc, 

as well as the utilization of both commercial and open-source meshing tools, in optimizing the overall accuracy 

and cost-effectiveness of CFD simulations for ship hydrodynamics. 
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1 Introduction 

A study was conducted to understand the sensitivity of and a mitigation for CFD predictions of 

submarine resistance to variations in near-wall grid. This has become necessary during previous work  

on model scale submarine CFD resistance studies which showed that a very fine near-wall grid is 

required to obtain accurate estimation of the residuary resistance. Whilst this is feasible for simple 

geometries, it is difficult to achieve on a more complex fully appended submarine hull form due to the 

high aspect ratio cells that are required. 

 

In this paper, a method to mitigate the sensitivity of submarine CFD solution to the near-wall grid 

spacing is proposed using roughness. A small roughness height is calibrated as a function of first cell 

height against a high resolution, low y+, and solution to obtain consistent skin friction. The 

methodology was first developed on a flat plate and tested on  the SUBOFF hull form with control 

surfaces. The method is compared with experimental results of SUBOFF AFF1 body of revolution, to 

confirm the behaviour on a simple submarine hull form, and to test the implementation of the method. 

Finally, it is then compared with experimental results on the SUBOFF AFF3 appended hull form, to 

verify the predictions of wake and to assess the effect of turbulence model parameters. 

 

2 Developed methodology using roughness 

A number of studies [1-3] have been conducted into the sensitivity of different turbulence models to 

near wall mesh spacing. These studies show that there is a consistent behaviour of the  based 

turbulence models to exhibit a very strong sensitivity to the near wall spacing, which is not observed 

in other types of turbulence model. To make the solution less sensitive to the near wall grid spacing, it 

is necessary to modify the boundary condition of the  equation. One way to modify the  boundary 

condition is to treat the boundary as a rough wall, leading to a constant value of  at the wall rather 

than an infinite value. As Hellsten showed [4], this roughness can also be a function of y+ to respond 

to variations in the near wall grid spacing. A variation of this approach was chosen for adoption in this 

task, due to the simplicity of applying a roughness value in STAR-CCM+ with no modification of the 

code required. For a very low wall y+ (0.01),  was measured on a flat plate. Wall y+ was then 

increased with added roughness to replicate the  value obtained at the very low wall y+. This was 

repeated for a range of Reynolds number and wall y+ values. A relationship was then found to derive 

a relation between required calibration roughness with Reynolds number and wall y+. An initial 

model was to use two separate equations to determine roughness, r in metre for low wall y+ (Equation 

1) and high wall y+ (Equation 2) where L is the body length and the same length used for the 

Reynolds number, Re.   

     Equation 1 

     Equation 2 

The model was then adjusted to account for body length since the original data was collected for a 1-

metre flat plate. To account for this a new model was developed which utilised non-dimensionalised 

 instead defined as 

     Equation 3 
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where  is the density,  is the friction velocity and  is the viscosity. The friction velocity utilises a 

wall shear stress value which is calculated from: 

                                      Equation 4 

The wall shear stress coefficient  is then calculated from: 

  Equation 5 

The results of the study to create a model which is  are presented in Figure 1 and the 

proposed roughness model based on Reynolds number and wall  is presented in Equation 6. Where 

 is defined in Equation 7 and  is defined in Equation 8.  

 Equation 6 

 Equation 7 

 Equation 8 

This model has been utilised for the CFD results in this paper. 

 

2 SUBOFF AFF1  

SUBOFF AFF1 is a body of revolution submarine hull form. Full details of the geometry and 

experimental conditions can be found in [5]. Since the geometry is symmetrical about the central axis, 

an axisymmetric approximation can be utilised to perform simulations more efficiently. All studies 

into the effect of y+ and roughness on SUBOFF AFF1 were conducted using a 2D axisymmetric 

geometry. Several studies were conducted to understand the effect of y+ on skin friction coefficient. 

Initial studies were carried out using SUBOFF AFF1 modelled as a smooth surface across a range of 

Reynolds numbers from  to . The rough-wall boundary condition (RWBC) was then added to 

observe the effect on skin friction across a range of Reynolds numbers and y+ values. A comparison 

was made between SUBOFF AFF1 CFD simulations and experimental data carried out by DARPA [5] 

where skin friction along the hull was analysed along with velocity data, and coefficient of pressure. 

 

2.1 SUBOFF AFF1 results 

Simulations were carried out with a smooth hull to understand the effect of y+ on the total resistance 

and skin friction coefficients. At values of y+ <3, it can be seen from Figure 2a  and Figure 2b that, in 

general, both the total and frictional resistance decreased as target y+ increased. However, for higher 

target y+ >30, there was a small positive increase in resistance as y+ increased. It is clear that the near 

wall first cell height had an impact on the value of the skin friction coefficient. To address this, the 

RWBC was developed, to reduce this variance in . The first implementation of the roughness 

model is denoted as RWBC1 in the figures. The effect that the rough wall boundary condition had on 

the value of  at a range of target y+ values can been in Figure 2b. In comparison to the smooth hull 

values,  remained more consistent across the range of y+ values. There was some variation at lower 

Reynolds number. However, at higher Reynolds numbers the variance in  was reduced. One issue 

with this model is that the predicted resistance at y+~0.1 does not match the smooth solution. Since it 

has been shown that the smooth wall solution with very low y+ is consistent with other codes, this 

should be taken as the reference. Therefore, when the mesh is refined, it should tend towards the 

smooth wall, very low y+ solution. Additional simulations were carried out at a Reynolds number of 

 to match experiments carried out on SUBOFF AFF1. A comparison with experimental data 

of the   profile across the hull is shown in Figure 2c, where x/L=0 represents the bow of the 

submarine and x/L=1 represents the stern. This shows that a target y+ value of 0.1 reproduced the 
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experimental data fairly well, with some deviation from x/L=0.1 to x/L=0.4 where the experimental 

data was lower than the CFD data. In comparison, the CFD results for a target y+ value of 1 yielded a 

skin friction which was lower than the experimental data across most of the hull except beyond x/L = 

0.9 where it began to reproduce the experimental results and between x/L=0.15 and x/L=0.25. The 

results with RWBC1, with y+ of 1, gave skin friction close to the measured values and the y+~0.1 

smooth hull results over the majority of the hull. However, there was an over prediction of skin 

friction over the fore-body, within the first 5% of the length. This is likely to be due to the use of a 

constant roughness height, causing a disproportionate increase in friction where the boundary layer is 

thin on the fore-body. To address this, and the fact that the model did not recover the smooth wall 

solution at low y+, a new version, hereafter denoted RWBC2, was developed.  

 

The predicted total and frictional resistance coefficients are shown in Figure 2a  and Figure 2b 

respectively. These show that the results with RWBC2 match the smooth wall results at y+~0.1, albeit 

slightly below the measured total resistance. The predicted resistance is very consistent between 

y+~0.1 and y+~2, which is a reasonable usable range. It is important to note that the aim of the 

RWBC was not to match the measured value, but simply to remove the y+ sensitivity from the 

solution. Although, the RWBC1 appears closer to the measured value, this is as a consequence of the 

over-prediction of shear stress around the bow. The difference in resistance between the y+~0.1 

prediction and the measured value can be attributed to other choices in the turbulence model, such as 

the use of curvature correction and the realisability constant, both of which tend to lead to 

underestimates in the turbulence around leading edges with default settings. Differences could also be 

caused by the fact that neither the turbulence stimulation on the model, nor any regions of laminar 

flow, are represented in the CFD predictions, and other uncertainties in the experiment. Figure 2c 

shows that with RWBC2, the wall shear stress is very close to the smooth wall, low y+ result, even 

around the bow where the previous model over-predicted the shear stress. Figure 2d shows the radial 

variation of axial velocity at x/L = 0.978 in comparison to experimental data. Across the four 

conditions, the variation in axial velocity was minimal and showed a similar trend to the experimental 

data. 

 

3 SUBOFF AFF3  

SUBOFF AFF3 is an appended version of the SUBOFF AFF1 bare hull. It has a cruciform tail section, 

but with no bridge fin or forward hydroplanes. All simulations carried out on SUBOFF AFF3 were 

conducted as a half-hull to save simulation time. Simulations using STAR-CCM+ were carried out on 

the SUBOFF AFF3 geometry. A mesh study was carried out at a target y+ value of 0.1. The existing 

methodology was used on a smooth hull across a range of y+ values. An updated definition for the 

first cell height was then used on a smooth hull and a rough hull with the proposed roughness model. 

A mesh study was carried out with the rough wall boundary condition at a target y+ value of 1. A 

further set of studies were carried out using the k-ω Shear Stress Transport model, quadratic 

constitutive relation, with default curvature correction (SSTQCRCC) turbulence model. RANS 

simulations are performed using the k-ω Shear Stress Transport turbulence model with the quadratic 

constitutive relation and curvature correction options (SSTQCRCC) and the Realizable k-ε (RKE) 

turbulence model. Simulations are monitored for residuals, forces, and moments for convergence.  

 

3.1 SUBOFF AFF3 results  

All results presented here are for a Reynolds number of  corresponding to an inlet velocity 

of 3 m/s. The effect of the rough wall boundary condition on the skin friction coefficient for SUBOFF 

AFF3 is shown in Figure 3 across a range of y+ values. Adding roughness to the hull provided a more 

consistent value of skin friction across the y+ values. In comparison to the smooth hull where y+ 

increased, the skin friction coefficient decreased. Figure 3  also shows the change in  between the 

standard k-ω SST turbulence model and the SSTQCRCC model. For a given y+ value, the 

SSTQCRCC turbulence model produced a lower value of  by an offset of between 0.000135 and 
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0.00015. Figure 4 shows the circumferential profiles of axial velocity at two radial positions, 

, and with three different numerical methods. Firstly, the results with the modified 

prism layer settings, but the standard smooth wall boundary condition; secondly, the results with the 

rough wall boundary condition, and lastly results with the rough wall boundary condition and a non-

linear variant of the SST turbulence model. These results show that using the rough wall boundary 

condition caused the axial velocity profiles for the different y+ values to become closer in value to 

each other. However, there were still small differences between y+ values. Comparing the axial 

velocity profile, at a radius of , for the SSTQCRCC turbulence model to the standard 

SST model, the profile between 20 degrees and 70 degrees for the standard SST model increased to a 

peak and then decreased. However, for the SSTQCRCC model, there was a flat region in this part of 

the velocity profile at this specific radius; this matches the trends observed in the experimental data.  

 

Circumferential profiles of turbulent kinetic energy at   with three different numerical 

methods are presented in Figure 5. The CFD turbulent kinetic energy was normalised with the free-

stream velocity of 3 m/s. This was to compare against the measured data, which was provided as 

normalised velocity fluctuations.  The turbulent kinetic energy profiles were similar across the 

different y+ values tested. With the smooth wall definition, the experimental data was slightly above 

the CFD data at the peaks of the profile. Adding roughness to the hull causes the difference in 

turbulent kinetic energy, seen between the target y+ values, to be reduced. Using the k-ω SSTQCRCC 

turbulence model yielded differing results for the turbulent kinetic energy. The turbulent kinetic 

energy profile matched the measured data fairly well, except between 20 and 60 degrees where the 

CFD data increased and the experimental data remained flat.  

 

4 Conclusions  

A study has been conducted to understand the sensitivity of CFD predictions of resistance to 

variations in the near-wall mesh, when using STAR-CCM+. This sensitivity has become apparent 

during recent studies on resistance of model scale submarines, and means that a very fine near-wall 

mesh is required to obtain accurate predictions of the residuary resistance. While this is feasible for 

simple, fair, unappended hull forms, it is difficult to achieve on a more detailed, realistic hull form 

due to the extremely high aspect ratio cells that are required. To mitigate the sensitivity of the solution 

to the near-wall mesh spacing, a slightly rough-wall boundary condition was implemented, with 

roughness heights calibrated as a function of the first cell height. This approach enabled more 

consistent predictions of resistance with different mesh densities, as shown on the SUBOFF test cases. 

A further update has been made which better recovers the smooth wall behaviour on very fine near 

wall meshes, as well as improving the prediction of wall shear stress around the fore-body of the 

submarine. The method was tested on the SUBOFF AFF1, axisymmetric body, and the AFF3 variant, 

with aft control surfaces. These also showed the sensitivity of the skin friction to the near-wall mesh 

spacing with the smooth wall, but the rough wall boundary condition successfully reduced the 

sensitivity, and hence the uncertainty in the predictions. Comparisons of flow quantities showed good 

agreement with the measured data, particularly when using the SST model with quadratic constitutive 

relation. 
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Figure 1: r+ as a function of Reynolds number and wall y+. 
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Figure 2: [a] Total resistance coefficient for SUBOFF AFF1, with and without RWBC [b] Frictional resistance 

coefficient for SUBOFF AFF1, with and without RWBC [c] Experimental comparison of skin friction 

coefficient along the hull surface  [d] Experimental comparison of radial variation of axial velocity at x/L = 

0.978. 

 

 

 
Figure 3: : Effect of rough wall boundary condition on skin friction coefficient. 

 

 

  

Figure 4: Axial velocity profiles at x/L=0.978. 

 

 
 

Figure 5: Turbulent kinetic energy profiles at x/L=0.978. 
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1 Introduction

Noise pollution from ships is known to negatively impact wildlife. It is the low-frequency broadband
noise component that can travel over large distances and is mostly relevant for marine wildlife. In the
absence of cavitation, such as for tidal turbines, naval surface vessels and submarines, the low-frequency
noise component is dominated by the interaction of the body with a turbulent inflow. The inflow turbu-
lence generates pressure fluctuations on and near the surface of the body, thereby radiating sound to the
far-field. This turbulence-interaction phenomenon is not fully understood yet.

The semi-analytical model by Amiet (1975) can be used to predict far-field turbulence-interaction
noise for an airfoil, which predicts the far-field sound pressure level (S PL) as a function of the square of
the turbulence intensity (T I). Amiet’s model, however, does not account for the geometrical properties
of the airfoil. This work presents the results of a numerical study that aims to determine the effect of the
turbulence intensity on the far-field turbulence-interaction noise for a NACA0008 airfoil. A comparison
of the numerically predicted far-field noise to Amiet’s work is performed to evaluate the accuracy of
Amiet for different receiver angles. The Ffowcs Williams and Hawkings (1969) (FW-H) acoustic anal-
ogy, which separates the generation and propagation of the sound, is adopted to estimate the S PL. Val-
idation of the inflow turbulence and generated sound are performed by comparing one of the cases to
a published experimental and numerical investigation for the same airfoil.

2 Methodology

2.1 Numerical method and turbulence generation
Numerical simulations are performed using the finite volume code ReFRESCO developed by MARIN in
collaboration with universities and other partners. It solves the unsteady, incompressible Navier-Stokes
and mass continuity equations using a finite-volume and time-implicit framework. ReFRESCO allows
the use of both structured and unstructured meshes as well as turbulence and cavitation models. Pressure-
velocity coupling based on the SIMPLE scheme is used. The FW-H framework has been implemented
as a run-time postprocessing tool with a solid data surface coincident with the surface of the airfoil.

A scale-resolving simulation (SRS) setup is used already validated in the work by Lidtke et al. (2022).
The change between resolving and modelling of the turbulence is made by the improved delayed detached
eddy simulations (IDDES) model based on Gritskevich et al. (2012). It employs the k − ω shear stress
transport model, switching between LES and RANS based on the turbulent length scale. A SRS approach
is preferred due to its accuracy in the bulk of the flow (LES) and low computational time near the airfoil
due to the lower spatial resolution required by RANS, which is sufficient for the current work.

All simulations are run with a fixed time step of ∆t = 3.55 × 10−5 s, or based on the chord and set
inflow speed ∆t∗ = ∆t · U∞/c = 3 × 10−3. Simulations with a larger timestep showed unsatisfactory
results regarding the turbulence resolution and the Courant number, which remains lower than 15 for the
current timestep with high values only sporadically found near the airfoil in the RANS region. In the
bulk of the flow (LES region), the Courant number was significantly lower averaging below 1.

Turbulence is generated using an inflow turbulence generator (ITG) that synthetically generates turbu-
lence based on the work of Kim et al. (2013) and implemented in ReFRESCO by Klapwijk et al. (2020).
At each timestep, body forces are applied at points (i) on a plane with its normal in the direction of the
flow. At each point, desired Reynolds stresses are converted to velocity fluctuations (u′i), which in turn
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determine the body forces (Fb,i) based on the instantaneous velocity (ui) according to

Fb,i =
ρui(ui + u′i − ui)

LITG
· b. (1)

Here, LITG is the thickness over which the body forces are spread in the flow direction, and b is the am-
plification factor used to assure faster convergence to the desired values. One can recognise the Reynolds
decomposition in the numerator of Eq. (1). In this case if the instantaneous velocity fluctuation (u′i) is
readily achieved at that point (ui−ui = −u′i) the body force term iterates towards zero within the timestep,
thereby improving the solver’s convergence behaviour. This is also required for divergence-free turbu-
lence, which, if not met, can otherwise lead to spurious numerical noise that can pollute the solution.

2.2 Case description
Fig. 1 shows a side view of the numerical setup used. The coordinate system has its origin at the leading
edge of the airfoil (with x in the flow, y in the vertical and z in the spanwise directions). The boundary
conditions of the sides are periodic to prevent interactions between them as much as possible, making
the total span d = 0.67c. Dampening boxes are placed upstream of the ITG and downstream of the airfoil
to drive the local flow velocity to freestream conditions, thereby reducing interactions with the inlet and
outlet boundaries. Inflow turbulence is not generated over the full height of the domain to prevent strong
interactions with the top and bottom boundary conditions and to save computational time. The acoustic
receivers for the FW-H computations are placed at 1.5 m in a circle around the airfoil at every two degrees
with the array’s centre at midspan and half of the chord. The angle defining the placement of the probes
is θ with θ = 0 degrees in the direction of the trailing edge. Table 1 presents a comprehensive overview
of the inputs for the four numerical cases investigated in this paper. These cases only differ in turbulence
intensity calculated based on the local mean velocity (u) and the root-mean-square (RMS) of the local
velocity fluctuations (urms); all other inputs remain constant. A mesh1 resolution study has shown mesh
convergence for the inflow turbulence, wall pressure on the airfoil and far-field acoustics. Similar results
were also found for a study in which the spanwise domain size was varied. Those results are not included
in this paper for brevity. More details, also about the setup, can be found in the work by Dekkers (2024).

Fig. 1: Side view of the numerical setup. All distances are visualised based on the chord of the
NACA0008 airfoil (c = 300 mm). The slice is taken at midspan of the airfoil.

1The term mesh refers to the computational mesh used in the numerical simulations. A grid refers to the grid used for
turbulence generation by the ITG as explained in Section 2.1.
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Table 1: Parameters of the four numerical turbulence intensity cases. Case C2 is used for validation.
Parameter Symbol Case 1 Case 2 Case 3 Case 4
Label figures N.A. C1: T I=13.5% C2: T I=11.4% C3: T I=7.6% C4: T I=4.1%
Airfoil type N.A. NACA0008
Airfoil chord [m] c 0.3
Airfoil span [m] d 0.2
Airfoil leading edge radius [mm] rLE 2.1
Turbulence intensity [%]
At x/c = 0 in empty domain

T I = urms/u 13.5 11.4 7.6 4.1

Inflow velocity [m/s] U∞ = Uin f 25.26 (Rec ≈ 5.1 × 105)
Integral length scale [-] Λ f /rLE 22.6 14.9 14.3 10.6

3 Validation results

Two separate sets of validation are performed. First, validation of the inflow turbulence is performed
to show that the current setup can exercise realistic homogeneous isotropic turbulence downstream of
the ITG. This was done in an empty domain (without the airfoil) to allow for more accurate tuning of
the ITG. Numerical results are compared to experimental results by Dos Santos et al. (2022), who used
grid-generated turbulence. Fig 2a shows the turbulence intensity over the domain with a peak just after
the ITG. A clear decay after the ITG is visible, signifying the need for a development length for the
turbulence. From x/c = −0.5 onwards, there is a good agreement between numerical and experimental
results, showing that the ITG has been accurately tuned so that the turbulence can develop to its intended
state.

Fig. 2b depicts the mean decidecade band power density2 of the streamwise velocity. Experimental
spectral levels and frequencies have been scaled based on the difference in inflow velocity, local velocity
fluctuations and local integral length scale. For f < 50 Hz the numerical spectral level is occasionally
lower relative to the experimental levels. For 50 < f < 1400 Hz, an over-prediction of a maximum of five
decibels is observed. A similar slope of the numerical spectrum relative to the experimental spectrum and
the power law with slope -5/3 is found in this frequency range. Both are indicative of isotropic turbulence
at this point in the flow. It was also observed that the RMS of the velocity fluctuations in all directions
are similar, indicating the isotropy of the turbulent flow generated. An under-prediction of the numerical
spectrum relative to the experimental spectrum is observed for f > 1400 Hz. This aligns with an estimate
of the mesh cut-off frequency of fmesh =

0.6·U∞
8·∆x ≈ 1100 Hz, with 0.6 · U∞ an estimate for the convection

velocity and ∆x the average cell size between the ITG and the airfoil. Generally, good agreement within
+/- 5 dB is found between the numerical and experimental spectra for 60 < f < 1400 Hz.

(a) Turbulence intensity at midspan in the direction of
flow.

(b) Mean decidecade band power density of the stream-
wise velocity at the intended leading edge and midspan.

Fig. 2: Numerical and experimental results. Experimental data by Dos Santos et al. (2022) is scaled for
(b) due to a difference in inflow velocity, local velocity fluctuations and local integral length scale.

2This is a smoothing of the power spectral density (PSD) as calculated by the Welch algorithm implemented in Python
assuming a 50% overlap between each segment. Smoothing operations are performed using a bandwidth top hat filter.
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The second validation set regards the airfoil acoustics. Experimental far-field noise results for grid-
generated turbulence were not available, therefore comparison is made to far-field noise results for
rod-generated turbulence by Dos Santos et al. (2023). Due to its similarity, a comparison is also made
to a lattice-Boltzmann method (LBM) simulation by Ribeiro et al. (2023). Fig. 3 shows the noise spectra
for a receiver at θ = 90 degrees. Experimental data outside the bounds indicated by 2 and 4 is to be
disregarded since the wind tunnel background noise dominates the signal outside these bounds. Any data
around the rod-shedding frequency, indicated by 1 , is also irrelevant since the associated coherent turbu-
lent structures are absent in the numerically-generated isotropic turbulent flow. Experimental validation
data is, therefore, only available for 400 < f < 2500 Hz. Experimental acoustic data is scaled for the
difference in local mean velocity and RMS of the local velocity fluctuations.

For 600 < f < 2500 Hz the overlap between the numerical and experimental sets is very good with
a maximum difference of about 5 dB. The numerical data also shows the same trend observed from the
experimental data regarding the high-frequency decay of the noise. The slope of the numerical spectrum
is similar to that of the experiments, indicating that the solver can accurately capture the high-frequency
decay. The difference in spectral levels for 160 < f < 600 Hz is likely explained by the coherent turbu-
lent structures that carry energy to higher frequencies, which are not present in the simulation.

Comparison of numerical data to the LBM results shows excellent overlap for 10 < f < 1500 Hz.
This is expected since both sets are for grid-generated turbulence with similar inflow velocities. The
difference for f > 1500 Hz shows that the current methodology can better capture the high-frequency
decay behaviour when compared to experimental trends. The LBM result also shows that the solver can
capture the low-frequency trend, which could not be observed from experimental data.

The key takeaway is that the current methodology can accurately capture the high-frequency trend
of far-field noise for 600 < f < 2500 Hz as observed from the experimental data. Additionally, the
current setup is accurate for 10 < f < 1500 Hz compared to the LBM simulation data. For f > 2500 Hz,
does the numerical data decay faster compared to experimental results, where the latter might already be
influenced by the wind tunnel background noise.

Fig. 3: PSD of the far-field noise for the numerical, LBM (Ribeiro et al. (2023)) and scaled experimental
(Dos Santos et al. (2023)) cases. Data is for a receiver at θ = 90 degrees. The numerical case C2 is scaled
for the limited span. The dashed vertical lines signify the rod-shedding frequencies 1 , lower and upper
bounds of experimental acoustic data 2 4 and estimated mesh cut-off frequency 3 .

4 Comparison with the Amiet model

Four cases, with parameters shown in Table 1, are evaluated. The labels in all of the presented plots refer
to the turbulence intensity levels obtained from empty domain simulations. Fig. 4a shows the turbulence
intensity up to the leading edge for these cases. As the TI level decreases from 13.5% to 4.1%, the TI
behavior becomes more uniform along the x-direction as seen from the leading edge (x/c = 0).
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Fig. 4b shows the far-field noise spectra for the four cases at θ = 90 degrees. For 100 < f < 2000 Hz,
cases C1, C2 and C3 show similar differences and decay behaviour. Case C4 shows far-field energy levels
much lower than expected while the difference in intensity is similar between the cases, see Fig. 4a. From
the full work by Dekkers (2024), it became clear that there is a distinct coupling between the turbulence
intensity and the integral length scale. Case C4 has the lowest length scale, likely too small for the mesh
to resolve accurately thereby significantly underpredicting the energy levels.

(a) Turbulence intensity at midspan as a function of the
distance upstream of the leading edge.

(b) PSD of the far-field noise at θ = 90 degrees. The
dashed line 1 is the estimated mesh cut-off frequency.

Fig. 4: Numerical results for T I and acoustics. Numerical data in (b) is scaled for the limited span.

Integration of the mean decidecade band power density gives the broadband sound pressure level (S PL)
in dB. Fig. 5 shows the S PL for the numerical cases at receiver angles 0 ≤ θ ≤ 90 degrees. The starting
points for the Amiet scaling (S PL = f (T I2)) are arbitrarily chosen and do not represent the actual out-
comes of the Amiet model. Fits through the data are only performed for cases C1, C2 and C3 since case
C4 likely contains errors induced by the mesh/solver. Fitting is performed using the curve-fit procedure
from the scipy.optimize library in Python. The baseline curve to fit was chosen as

S PL(T I) = a + 10 · log10(T Ib), (2)

where a and b are coefficients determined by the fitting procedure. For clarity, data is only presented for
the quadrant 0 ≤ θ ≤ 90 degrees. Similar results are, however, found for all three other quadrants.

Fig. 5: Sound pressure level (S PL) against turbulence intensity (T I) at different receiver angles for the
numerical cases. The Amiet curve depicts the theoretical increase of S PL for a linear increase of turbu-
lence intensity. Dashed lines represent fits through the solid data points; hollow data points are excluded
from the fits. fL and fH signify the lower and upper bound for the S PL integration, respectively.
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For a receiver at θ = 90 degrees a limited increase in S PL is observed with increased turbulence intensity.
On the other hand, at θ = 0 degrees a much steeper increase of the S PL is observed for the same increase
in intensity. Table 2 lists the coefficients b for the fits performed following Eq.2, thereby representing
the relation S PL = f (T Ib). Note that the coefficient, as predicted by Amiet, independent of the receiver
angle, is b = 2. It can be concluded that the scaling, as introduced by Amiet, is accurate for receiver
angles closer to 90 degrees. The theory becomes less accurate for receivers aligned more closely with
the flow direction. This connects with Amiet’s assumption that the airfoil is a flat plate of negligible
thickness, meaning that the interaction is not considered in the model. These interaction effects seem to
dominate for receiver angles in the flow direction.

Table 2: Fitting coefficient b based on the numerical fits for different receiver angles.

Receiver angle θ [degrees] 0 10 20 30 40 50 60 70 80 90
Slope, fitting coefficient b [-] 6.26 3.53 2.66 2.38 2.26 2.20 2.17 2.15 2.14 2.14

5 Conclusion
The turbulence intensity effect on the far-field radiated noise for a NACA0008 airfoil has been addressed.
Results from the FW-H acoustic analogy have been compared to the semi-analytical model by Amiet.
The IDDES turbulence model, in combination with the inflow turbulence generator, has been shown to
produce an accurate representation of homogeneous isotropic turbulence upstream of the airfoil. Rea-
sonable results on far-field acoustics have been found, with agreement relative to both experimental and
numerical (LBM) values available in literature to within approximately five decibels. Predicted far-field
noise levels have been shown to follow the experimentally observed trends and exhibit the expected
high-frequency decay behaviour. Results show that the far-field noise scaling with the turbulence inten-
sity proposed by Amiet holds for receiver angles directly above the airfoil, but the theory fails to predict
the noise levels accurately for receiver angles that are more closely aligned with the flow direction.

Future work should focus on further optimising the current inflow turbulence generator to allow
decoupling of the turbulence intensity from the integral length scale. Also, effort should be put into al-
locating the acoustic far-field noise to the surface pressure distribution on the airfoil. One way to do so
is by dividing the FW-H surface into strips. This will ensure a better understanding of the turbulence-
interaction phenomenon that generates the noise from the interaction with the airfoil, thereby allowing
investigations into more complex problems, such as a propeller in a ships wake. Finally, different airfoils
should be evaluated to investigate the validity of Amiets predictions for small directivity angles further.
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1 Introduction

The Dynamics of breaking waves are generally of significant interest for coastal engineering disciplines,
since they result in considerable slamming forces on structures, when interacting with them (Kamath
et al., 2016). A key point for physically accurate modelling of breaking waves is the representation of
the free surface. Especially over-topping breaking waves put high demands on the capabilities of the
free surface representation method, due to their complex geometries and features such as air cavities and
reconnecting surfaces.
Regarding methods for free surface representation, a great variety of different approaches has been de-
veloped and implemented in solvers, as the field of Computational Fluid Dynamics has progressed and
grown (Düz et al., 2016). One of the methods which have celebrated success over the last decades is
the Volume-of-Fluid approach (VOF), which was first described by Hirt and Nichols (1981). A key ad-
vantage of the VOF method is the strict fulfilment of mass conservation given by its approach (Pilliod
and Puckett, 2004). An inherited problem of VOF are numerical smearing and diffusion of the interface,
resulting from its sensitivity regarding the discretisation of fluid advection (Düz et al., 2016). Therefore
representation methods have been developed, that shall ensure a sharp interface and capture the phase
distribution with sub-grid accuracy. The basic idea is, that in each cell the free surface interface is repre-
sented by a line in 2D, or a plane in 3D. The first variant of this approach was given by the Simple Line
Interface Calculation method (SLIC), which was first presented by Noh and Woodward (1976). Due to
problems arising from SLIC’s limitation to orientate its lines along the cartesian coordinate directions,
the approach was advanced towards the Partial Linear Interface Calculation method (PLIC), allowing for
an arbitrary orientation of the interface (Youngs, 1982).
The VOF-PLIC algorithm consists of three major steps, which feature their own distinct methods (Düz
et al., 2016). In the first step, the orientation of the plane, representing the free surface interface within its
cell is determined based on the volume fraction field in the surrounding cells. Here a broad spectrum of
different approaches on how to determine the plane’s normal vector can be found in literature (Düz et al.,
2016). The second step is to set the distance of the plane to the cell’s centre point, in such a manner that
the volume under the plane is the same, as given by the volume fraction field. Again multiple approaches
exist, but as the most efficient and precise ones can those be regarded, that solve the given problem
analytically, without any iterational solving routines. The original analytical solution was presented by
Gueyffier et al. (1999). Recent improvement and simplification of the method done by Lehmann and
Gekle (2022) result in an algorithm, that is fast, and straight forward to implement. The final step in the
VOF-PLIC method is the advection of the fluid volume fractions by the velocity field. A general problem
in the advection of the volume fractions in three-dimensional space is, that the same fluid volume might
be transported into multiple cells, which would lead to a violation of mass conservation, finding a suit-
able scheme for the volume advection is thus a non-trivial problem (Weymouth and Yue, 2010). While
schemes for transporting the volumes in three dimensions in a single step exist, they are often considered
to be too intricate for implementation (Mohan and Tomar, 2024), which is why the majority of litera-
ture focuses on operator split advection schemes (Mohan and Tomar, 2024). In operator split advection
schemes, the volume fraction field is advected along each spatial direction individually, resulting in three
one-dimensional advection steps. The geometrical advection of the volumes themselves in one dimen-
sion is straight forward, though additional terms need to be added to the transport equation, to prevent
mass loss in-between the three steps by over or underfilling a cell along one dimension (Weymouth and
Yue, 2010).
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Even though the principle of the VOF-PLIC method seems to be straight forward, the variety of literature
concerning itself with deriving new methods for solving the problems of the normal vector determination
and the volume fraction field advection shows, that building a VOF-PLIC method for representation of
the free surface in a multi-phase solver is non-trivial and considerations regarding the method’s used for
realising steps one and three need to be selected and adapted based upon the solver’s intended field of
usage. The goal of this project is the implementation of a VOF-PLIC method for free surface represen-
tation in the existing FDM Navier-Stokes solver REEF3D::CFD presented in Bihs et al. (2016), with the
intention of improving the solver’s capabilities to resolve the complex free surface deformation and con-
vection in violent breaking waves. Since the current free surface representation in the solver is realised
with a signed-distance function level-set method (Sussman et al., 1994), a preliminary version of the
VOF-PLIC algorithm can utilise the already existing signed-distance function for extended stability, as
it is described by Wang et al. (2009) and Griebel and Klitz (2016).

2 Numerical Methods

2.1 The Numerical Solver
The solver in which the VOF-PLIC algorithm shall be implemented is the Finite Differences Method
based Navier-Stokes solver REEF3D::CFD presented in Bihs et al. (2016). As a computational do-
main, the solver uses a structured staggered grid. Boundary conditions are enforced with an Immersed
Boundary Method (Peskin, 1972). For the spatial discretisation of the convection terms in the Navier-
Stokes Equations, 5th order Weighted Essentially Non-Oscillatory stencils (Jiang and Shu, 1996) are
used. Temporal discretisation is realised with a third order Runge-Kutta scheme (Shu and Osher, 1988).
The pressure term in the Navier-Stokes Equations is handled with the Projection Method introduced by
Chorin (1968). The resulting Poisson equation for the pressure is solved with the Jacobi-preconditioned
BiCGStab algorithm by van der Vorst (1992). Parallelisation is achieved by domain decomposition and
Ghost Cells using a Massage Passing Interface (MPI). The free surface is represented with a signed-
distance function level-set method (Sussman et al., 1994).

2.2 Free Surface Interface Reconstruction
The free surface interface reconstruction, is the problem of finding the parameters of the plane-equation,
that defines the free surface interface in each plane.

nxx + nyy + nzz = d (1)

The parameters on the left hand side of equation 1 are the plane’s normal vector, defining the plane’s
incline. In a coupled VOF-PLIC/level-set method, as it is described by Griebel and Klitz (2016), the
normal vector can be obtained by the gradient of the signed-distance function.

n⃗ = −∇ϕ (2)

Alternate methods, based exclusively on the volume fraction field are given by Youngs (1982), Scar-
dovelli and Zaleski (2003), Cervone et al. (2011) and Weymouth and Yue (2010).

With the normal vector set, the parameter d on the right hand side of equation 1 defines the plane’s
distance to the cell’s centre along its normal vector. This distance needs to be determined such as that
the volume in the cell under the plane equals the volume given by the volume fraction. The main issue
with this problem is the fact, that different parameters d result in different geometrical cases of the plane
cutting the cell, with different equations for the volume, as it is illustrated in figure 2. An analytical solu-
tion for this problem is an algorithm given by Lehmann and Gekle (2022), which manages to reduce the
number of possible cases down to five, utilising coordinate transformation and symmetry considerations.
With the analytical algorithm presented by Lehmann and Gekle (2022), the distance d can be determined
precisely without need for further iterative solving methods.
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Fig. 1: Schematic illustration of the VOF-PLIC planes representing the free surface, with the free sur-
face interface reconstruction and the normal vector being based upon the volume fraction field in the
surrounding cells.

Fig. 2: Schematic illustration of different cases of a plane cutting a cell resulting in different geometrical
equations for the volume inside the cell, under the plane.

2.3 Volume Fraction Advection
Following the suggestions of Düz et al. (2016) and Mohan and Tomar (2024), an operator-split advection
scheme is chosen. The volume fraction field is thus advected separately along each spatial dimension,
with a free surface interface reconstruction occurring before each step. For maintaining the possibility of
combining the VOF-PLIC algorithm with the implemented signed-distance function, the same advection
scheme is used for transporting the signed-distance function, as it is described by Griebel and Klitz
(2016).

ξ∗ =
ξn − ∂t∂x

(
Gi+1/2 −Gi−1/2

)
1 − ∂t∂x

(
ui+1/2 − ui−1/2

) (3)

ξ∗∗ = ξ∗
(
1 +
∂t
∂y

(
v j+1/2 − v j−1/2

))
−
∂t
∂y

(
G∗j+1/2 −G∗j−1/2

)
(4)

ξn+1 = ξ∗∗ + ξ∗
∂t
∂z

(
wk+1/2 − wk−1/2

)
−
∂t
∂z

(
G∗∗k+1/2 −G∗∗k−1/2

)
(5)

Hereby ξ represents both the volume fraction field and the signed-distance function ϕ and G denotes the
respective flux across the cell’s facet (e.g. Gi+1/2 = ξi+1/2ui+1/2). Since ϕ is defined in the cell’s centre,
an interpolation is used to determine the values on the facets (Griebel and Klitz, 2016). For the volume
fraction field, the fluxes at the facets are geometrical properties given by the fluid volume under the plane,
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that is transported across the facet in one time step, as it is illustrated in figure 3. Hereby, the transported

Fig. 3: Schematic illustration of the volume advected across a cell’s facet given by the velocity at the
facet and the plane in the cell.

volume is given by defining a region of the cell with a length of ui+1/2∆t from the facet and considering
the volume under the plane inside this advection region. The volume can be determined by rewriting
the plane equation 1 with the centre of the advection region as the new coordinate origin and using the
volume calculation algorithm given by Lehmann and Gekle (2022) scaled to the advection region as the
cell size.
While in the scope of a standalone VOF-PLIC algorithm the entire methodology would be now described,
a coupled VOF-PLIC/level-set approach, as it is suggested by Griebel and Klitz (2016) implements ad-
ditional steps. The transported signed-distance function can be used for additional stability, by serving
as a reference for the region in which the free surface should be situated. Artificial diffusion resulting
from instabilities in the volume fraction field advection can thus be corrected, by allowing volume frac-
tions only in a band of a certain width around the approximate free surface location given by ϕ. As it is
described by Griebel and Klitz (2016), a reasonable width is found by considering the region in which
density and viscosity are smoothed for improved robustness.
In return the signed-distance function ϕ is redefined around the free surface by the VOF-PLIC method.

Fig. 4: Schematic illustration of the redistancing of the signed-distance function ϕ based upon the recon-
structed interface of the VOF-PLIC method.

Therefore the free surface interface is reconstructed a last time after the complete advection and the
closest distance from a cell’s centre to a free surface interface plane is determined geometrically using
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an algorithm described by Griebel and Klitz (2016). This results in increased precision of ϕ, which is
beneficial for the smoothing of density and viscosity, as well as the calculation of the plane’s normal
vector.

3 Conclusion & Outlook

Preliminary test results of the current implementation of the VOF-PLIC algorithm in the FDM Navier-
Stokes solver REEF3D::CFD show an improvement regarding capability of resolving smaller details of
the free surface deformation and convection, while retaining numerical robustness. Preliminary test-case
results can be seen in figure 5 for a plunging wave breaking on a slope, as well as in figure 6 for a
three-dimensional dam-break featuring an obstacle.

Fig. 5: Test-case of a plunging wave breaking over a slope with the colouration given by the velocity in
x-direction

Fig. 6: Test-case of a three-dimensional dam-break with an obstacle

Further work of the project is focused on two separate goals, testing and validating the implemented
VOF-PLIC algorithm regarding its precision and numerical stability, as well as the development of a
standalone VOF-PLIC version without the transport of the signed-distance function. For the second as-
pect, emphasis lies on finding a suitable method for defining the normal vector based on the volume
fraction field, as well as on finding a suitable advection scheme for the volume fraction field itself. Also
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the smoothing of density and viscosity needs to be defined in a way that is independent of the signed-
distance function.
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1 Introduction

Realistic ocean waves are typically short-crested and nonlinear, and the accurate simulation of ship mo-
tions under such conditions is challenging. To model the related physics in computational fluid dynamics
(CFD), the typical approach is to model irregular waves as a superposition of linear waves. Reasonable
results have been reported even for wave steepnesses outside the theoretical range of validity of linear
wave theory (cf. e.g. Knight et al., 2024). However, the range of applicability for linear superposition as
the far-field solution is not clear, for two reasons:

First, realistic ocean waves can occur for a wide range of wave steepnesses, including highly nonlin-
ear (possibly breaking) waves. Linear superposition cannot be expected to be valid for typical extreme
sea-states, which may be critical for the survivability of ships. Furthermore, numerically, the use of linear
theory to prescribe steep waves can result in non-physical wave breaking or other disturbances. There-
fore, it can be expected that after a certain limiting wave steepness, a more accurate far-field solution is
required to obtain highly accurate CFD results. But at what steepness, for which application, and under
which wave conditions this limit is reached, is at present unknown.

Second, it was found that the use of inaccurate far-field solutions can be numerically problematic.
Problems can occur when there is a mismatch between the far-field solution and the computed flow
within the domain, as shown in Fig. 1: The wave elevations and phases computed within the domain do
not match the far-field solution at the domain boundaries. The consequences are that a) the computed
wave may differ substantially from the desired wave and that b) disturbances may be radiated into the
domain in the form of undesired wave components (cf. Perić, 2019).

Fig. 1: CFD results for the surface elevation of long-crested irregular waves, generated by forcing the flow solution
near the domain boundaries towards the far-field solution from linear wave theory; the case corresponds to pure 2D
wave propagation, without wave-disturbing bodies; a strong mismatch between linear solution (bottom boundary)
and computed flow (within domain) is visible



To clarify the concerns related to linear superposition as boundary conditions for CFD simulations,
and to obtain a more accurate solution approach for steeper irregular waves, the High-Order Spectral
(HOS) method is a promising approach. It was developed independently by Dommermuth and Yue
(1987) and West et al. (1987) and provides an efficient approach to simulate phase-resolved nonlinear
wave evolution over comparatively large distances (hundreds of wavelengths) and simulation durations
(hours). Although in principle only applicable to non-breaking waves up to ca. 80% of maximum steep-
ness, extensions have been presented that also model breaking wave events (e.g. Seiffert and Ducrozet,
2018).

The HOS method has been widely used to investigate nonlinear wave phenomena, such as wave-wave
interactions due to modulational instability or the occurrence of extreme-wave events. Although the HOS
method is nearly 40 years old and well-established in geophysical and mathematical fluid dynamics, it is
comparatively rarely applied in CFD simulations.

Coupling of HOS to CFD solvers has been done in several proprietary packages, such as foamStar-
SWENSE (Monroy et al., 2010), Naval Hydro Pack (Gatin et al., 2017), or naoe-FOAM-SJTU (Zhuang
and Wan, 2021). Bonnefoy et al. (2010) and Ducrozet et al. (2016) published HOS codes as open-source
software and developed the Grid2Grid software intended for coupling HOS to various flow solvers.
However, in commercial flow solvers like ANSYS Fluent or Simcenter STAR-CCM+, the HOS method
is not yet integrated, and efficiently coupling HOS and CFD appears to be not entirely possible ‘out-of-
the-box’, especially for short-crested seas.

Therefore, the aim of the present work is to compare two techniques for coupling the HOS code HOS-
OCEAN (Bonnefoy et al., 2010) to commercial flow solver Simcenter STAR-CCM+, i.e. via CFD General
Notation System (CGNS) files and via CSV files.

The research questions are:

1. How large is the increase in computational effort when importing HOS results into STAR-CCM+
via CGNS and CSV files?

2. Which options exist to speed up this process?

For this, 2D-flow simulations of wave propagation are performed. First, a regular wave is generated
by applying Stokes 5th-order wave theory at the inlet. Then, the simulation is repeated, storing the so-
lution in a CGNS file. Subsequently, the first simulation is repeated, using flow fields imported as initial
and boundary conditions from the stored CGNS solution. It was also repeated using flow fields from the
HOS method through CSV files and size-reduced CSV files (vertically thinned-out). The computational
efforts are compared and discussed. Finally, results from a 3D-flow simulation are presented, illustrating
that the coupling of HOS-OCEAN to STAR-CCM+ was achieved.

2 Methods

Two-dimensional CFD simulations are performed based on a similar setup as in Perić and Abdel-Maksoud
(2018), using the software Simcenter STAR-CCM+ version 18.02.008-R8. All fluids were incompress-
ible and the volume of fluid (VOF) method was used to account for the two phases, liquid water and
gaseous air, using the High Resolution Interface Capturing scheme (HRIC, cf. Muzaferija and Perić,
1999).

All discretization approximations were of second order. The linearized equation system was solved
by the iterative STAR-CCM+ implicit unsteady segregated solver, using an algebraic multigrid method
with a Gauss-Seidel relaxation scheme, V-cycles for pressure and volume fraction of water, and flexible
cycles for velocity calculation. The under-relaxation factor was 0.9 for velocities and volume fraction
and 0.4 for pressure. Per time step, 5 iterations were performed.

The domain was discretized using a rectilinear grid with local mesh refinement around the free sur-
face (cf. Fig. 2). The free surface remained within the region of the finest mesh. The coordinate system
was located with z = 0 at the calm-water level, z pointing upwards, x pointing in the wave propagation
direction, and x = 0 at the inlet boundary (left boundary in Fig. 2). The computational domain was a box
with dimensions −0λ ≤ x ≤ 4.8λ and −1λ ≤ z ≤ 0.25λ, where λ denotes the wavelength; for irregular



waves, the wavelength corresponding to the peak of the wave-energy spectrum was used. The simula-
tions were performed as quasi 2D, i.e. with symmetry boundary conditions for y-normal boundaries and
only 1 cell in y-direction.

Fig. 2: Left: Reference grid for 2D simulations with air (blue) and water (red) phases; right: initialized surface
elevation for regular wave case

For the regular wave simulations, the far-field solution was obtained by Fenton’s (1985) Stokes 5th-
order theory for wave period T = 1.6 s, wave height H = 0.08 m and water depth 4 m. For the irregular
wave simulations, the far-field solution was obtained by HOS-OCEAN for a JONSWAP spectrum with
peak wave period T = 1.6 s, significant wave height Hs = 0.055 m and water depth 4 m.

As boundary conditions, velocity and volume fraction were specified at the inlet and outlet (left and
right boundaries left figure from Fig. 2), pressure and volume fraction at the top, no-slip wall boundary
condition at the bottom and symmetry conditions on the front and back boundaries.

To minimize undesired wave reflections, forcing zones were attached to the outlet boundary by in-
troducing the source terms

qi = γb(x)(ui,ref − ui) , (1)

qα = γb(x)(αref − α) , (2)

in the conservation equations for horizontal momentum and transport equation for volume fraction, re-
spectively, with reference velocity ui,ref = 0, reference volume fraction αref , zone thickness xd = 1.5λ,
exponential blending b(x) and forcing strength γ ≈ 10 rad/s optimized as described in Perić and Abdel-
Maksoud (2018).

The interface was discretized via ca. 25 (coarse), 50 (medium), and 100 (fine grid) cells per wave-
length and 1.5 (coarse) 3 (medium) and 6 (fine grid) cells per wave height. The simulation duration was
tsim = 20 s, or 12.5 (peak) periods. The reference simulation was completed within 0.5 hours using 8
processors.

Additionally, 3D-flow simulations were performed of the KCS ship in model scale in long-crested
irregular waves using the reference solution computed by HOS-OCEAN. Overset grids were used to
model the ship’s motions at a Froude number of 0.

3 Results

Figure 3 shows the time required for the 2D-flow simulations to complete, where the abbreviations de-
note:

• ‘Normal’: Regular waves using Stokes 5th-order theory

• ‘Write CGNS’: Same as ‘Normal’, except that wave fields are written by STAR-CCM+ to CGNS
file during simulation

• ‘CGNS’: Same as ‘Normal’, except that solution from CGNS file is used as initial and boundary
conditions

• ‘CSV’: Same as ‘Normal’, except that solution from CSV file is used as initial and boundary
conditions; ‘Thin’ and ‘Thin2’ denote CSV files with 0.5 and 0.25 times the number of lines;
‘Coarse’ and ‘Fine’ denote twice as coarse or fine mesh and time-step



• ‘HOS’: Time to run (‘run’), post-process (‘post’) and export to CSV files (‘CSV’) HOS simulation
of long-crested irregular waves; ‘Fine’ denotes a grid with 4x as many cells

Fig. 3: Durations of 2D-flow simulations and HOS computations

Figure 4 shows that, when the grid and time-step of the CFD simulations are refined, the percentage
of time occupied by importing and reading CSV files decreases. This indicates that for typical 3D-flow
simulations, the additional effort (e.g. 0.8 hours for the twice thinned CSV file in Fig. 3) due to importing
and reading the CSV file will be negligible compared to the total simulation duration (e.g. days or weeks
for ship maneuvering in long-crested irregular waves).

Fig. 4: Simulation durations t from Fig. 3 divided by number of time steps ndt and by number of grid cells ncells,
normalized by the corresponding value for case ‘Normal’



Figure 5 shows the computed wave elevation from a 3D-flow simulation with the KCS ship in long-
crested irregular waves and demonstrates the feasibility of using the current approach for simulating ship
motions in long-crested waves. The contours on the left correspond to the mapped (cell-aligned) solution
from the HOS code used as a reference for forcing and boundary conditions. On the right, the results
from the CFD computation are presented resulting in smooth contours.

HOS solution CFD results

Fig. 5: Surface elevation in 3D-flow simulation with freely floating KCS ship and symmetry condition; left: refer-
ence solution from HOS simulation mapped onto the whole domain; right: actual simulation results with forcing
zones at all vertical boundaries excluding the lower boundary in the image, where symmetry conditions are applied

4 Discussion

4.1 How large is the increase in computational effort when importing HOS results into STAR-
CCM+ via CGNS and CSV files?

Importing and reading the flow fields from CGNS vs. CSV files increased the duration of the 2D-flow
simulations substantially, by factor 7.6 (CGNS) and 6.3 (CSV). In practice, though, this is acceptable,
because for 3D-flow simulations with the same long-crested irregular waves, importing and reading time
will be similar, but the computational effort will be orders of magnitude larger. Hence if the simulation
duration is several days, a few hours increase of simulation duration to import and read HOS data appears
to be an acceptable trade-off for the increase in accuracy of the far-field solution. However, for short-
crested irregular waves, the additional effort can be substantial, particularly when the solution in a large
domain is required (e.g. for a ship maneuver).

Although CGNS files were marketed as particularly efficient storage for flow fields, they also con-
tain various other data (boundary conditions, solver settings, etc.). This may be an explanation of why
importing flow fields as CSV files was faster and why CSV files had a smaller size.

Writing CGNS files during the 2D STAR-CCM+ simulations increased the computational effort by
factor 40, which appears impracticable for most applications. Future studies could investigate how this
scales with the number of cells. Storing the data as CSV files could be a more efficient alternative.

4.2 Which options exist to speed up this process?
Importing and reading the flow fields from CSV files has the advantage that these can be easily shortened,
e.g. by removing grid points further away from the water surface. By default, HOS-OCEAN writes the
flow-field data onto a Cartesian grid, which increases the size of the output files unnecessarily. Therefore,
the size of the CSV files can be reduced by removing data points further away from the free surface, as
demonstrated in the present work. Discarding 75% of the CSV file reduced the simulation duration by
more than 60%. It is expected that the simulation duration can be reduced by > 80% by this approach.

Future research will also investigate importing only the modal data, i.e. wavelengths, amplitudes,
and phases of the wave components for each time step. Thus, the HOS solution can be described as a
superposition of linear waves, with amplitudes and phases that change at each time step. It is expected that
this approach can substantially reduce the time required to import and read the HOS results, particularly
for large, short-crested wave fields.

If the aforementioned techniques for increasing the efficiency and memory usage of approaches to
import short-crested wave solutions into CFD codes are demonstrated to be effective, CFD simulations



of ship maneuvers in nonlinear short-crested seas could become routine practice both with commercial
and research codes in the years to come.
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Using high performance computing (HPC) today it is possible to use fully nonlinear potential flow (FNPF) models
for tasks that previously was restricted to asymptotic wave modelling, such as models based on Boussinesq-type or
Green-Nadgy equations, due to computational effort. Indeed, as shown in [11] the dispersion properties of a FNPF
model can be tuned by the vertical resolution. Thus, the FNPF model can use numerical truncation similar to the
analytical truncation of the depth-integrated shallow water models. By means of scalable iterative solver strategies
[9] and HPC, cost-efficient screening of extreme waves in larger areas can be performed [6] or in large regional
areas [10, 14], e.g. such as fjord regions with complex topography [21].

Looking into existing wave models based on the FNPF equations there is a clear demarcation between numeri-
cal models based on classical numerical methods with low-order and high-order convergence rates. Such low-order
numerical models are usually employed for wave-body interaction, while the high-order models are used for wave
propagation. Lately, this demarcation is starting to be broken down by e.g. for wave-focusing events on a floating
FPSO [8, 9].

The use of high-order discretizations are not new in the FNPF modelling community. The high-order spec-
tral (HOS) model [5] is based on analytical truncation resulting in polynomial spectral methods and was intro-
duced already back in 1987. It has been used and was recently extended to incorporate variable depth. Recently,
pseudospectral models have been developed that resort to numerical approximations that can be tuned by solely
adjusting the polynomial order in the basis [3] and using Fourier truncation to efficient simulate in the context
of numerical wave tank and utilizing geometric p-multigrid for acceleration of the iterative solver [15]. Also,
the open-source OceanWave3D model [7] that is based on a high-order finite difference scheme and a sigma-
transformed computational domain have seen wide adoption due to it’s numerical efficiency and the possibility to
couple with Navier-Stokes based solvers.

This paper is based on the fundamental work presented in [11] and later extended to three dimensions in [12].
Those two work were proof-of-concepts implemented in Matlab. The present paper describes the development of
a 3D fully nonlinear potential flow solver in the open-source spectral/hp element framework Nektar++ [18, 2, 22].
The implementation in Nektar++ will facilitate large-scale applications as parallelism is inherent in the framework.

Fully nonlinear potential flow (FNPF) modelling
We consider a three-dimensional time-dependent fluid domain (Ω) bounded by the boundary Γ consisting of a free
surface (ΓFS) and an arbitrary number of solid boundaries (Γ\ΓFS). Without loss of generality, we assume that
any vertical boundary represents either rigid offshore structures or walls, and the bottom boundary is a sea floor
(ΓB). The problem is stated in an Eulerian (fixed) frame of reference with governing equations for unsteady free
surface boundaries derived from potential flow theory. A scalar velocity potential φ(x,z, t) function is introduced
from which the velocity field can be computed u = ∇φ , and it is required to satisfy the Laplace equation for mass
continuity

∇
2
φ +∂zzφ = 0 in Ω, (1)

in all parts of the fluid domain. The unsteady nonlinear kinematic and dynamic free surface boundary conditions
can be expressed in the Zakharov form [23] as

∂tη =−∇η ·∇φ̃ + w̃(1+∇η ·∇η) in Γ
FS ×T, (2a)

∂t φ̃ =−gη − 1
2
(
∇φ̃ ·∇φ̃ − w̃2(1+∇η ·∇η)

)
in Γ

FS ×T, (2b)

where the ’∼’ symbol is used to denote variables evaluated at the free surface. On the bottom as well as on
structures we assume zero normal flow

∂nφ = 0 on Γ\Γ
FS. (3)

1



In order to shift to a time-constant computational domain: Ω(t)→Ωσ Following [1] we introduce a σ -transformation
of the vertical coordinate

σ ≡ z+h(x)
d(x, t)

, 0 ≤ σ ≤ 1, (4)

where d(x, t) = η(x, t)+h(x) is the height of the water column above the bottom. This implies that the free surface
elevation needs to be non-singular, and thus excludes the geometric modelling of overturning or breaking waves.
The σ -transformed Laplace equation reads

∇
σ · (K ∇

c
Φ) = 0 in Ω

σ , (5)

where ∇
σ = (∇,∂σ ) is introduced and the symmetric coefficient matrix is

K (x, t) =
1

detJ
J J T =

 d 0 −σ∂xη

0 d −σ∂yη

−σ∂xη −σ∂yη
1+(σ∂xη)2+(σ∂yη)2

d

 . (6)

Finally, from the scalar velocity potential Φ(x,σ , t) = φ(x,z, t) the velocity field inside the fluid volume can be
recovered as

(u,w) = (∇+∇σ∂σ ,∂zσ∂σ )Φ. (7)

Spectral/hp element FNPF model
We start by forming a partition of the spatial domain Ωσ by a tessellation Th of the horizontal xy-plane into Nk

non-overlapping shape-regular elements Tk such that ∪Nk

k=1Tk = Th with k denoting the k’th element. We then
introduce the space of continuous, piece-wise polynomial functions

V = {vh ∈C0(Ωσ );∀k ∈ {1, ...,Nk},vh|Tk
∈ Pp} , (8)

where Pp is the space of polynomials of degree at most p. It is possible to exploit duality in the representation of
the polynomials in the form of either modal (hierarchical and orthogonal) or nodal (Lagrange) basis functions.

The weak formulation of the free surface boundary conditions takes the following form. Find f ∈ V where
f = η , φ̃ such that ∫∫

ΓFS
∂tηv(x)dx =

∫∫
ΓFS

[−∇η ·∇φ̃ + w̃(1+∇η ·∇η)]v(x)dx (9a)∫∫
ΓFS

∂t φ̃v(x)dx =
∫∫

ΓFS

[
−gη − 1

2
(
∇φ̃ ·∇φ̃ − w̃2(1+∇η ·∇η)

)]
v(x)dx (9b)

for all v ∈V . We introduce the finite-dimensional approximations

fh(x, t) =
NFS

∑
i=1

fi(t)Ni(x), (10)

where {Ni}NFS
i=1 ∈ V is the set of global finite element basis functions with cardinal property Ni(xj) = δi j at mesh

nodes with δi j the Kronecker Symbol. Substitute these expressions into (9) and choose v(x) ∈ {Ni}NFS
i . The

discretization in two spatial dimensions becomes

M′ d
dt

ηh =−
(

Aφ̃x
x +Aφ̃y

y

)
ηh +M′w̃h +

(
Aw̃h(ηh)x

x +Aw̃h(ηh)y
y

)
ηh, (11a)

M′ d
dt

φ̃h =−M′gηh −
1
2

[(
A(φ̃h)x

x +A(φ̃h)y
y

)
φ̃h +Mw̃hw̃h −

(
A

w̃2
h(ηh)x

x +A
w̃2

h(ηh)y
y

)]
ηh, (11b)

where the following global matrices have been introduced

M′
i j =

∫∫
ΓFS

NiN jdx, Mb
i j =

∫∫
ΓFS

b(x)NiN jdx, (Ab
q)i j =

∫∫
ΓFS

b(x)Ni
∂

∂q
N jdx. (12)
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To obtain closure in the time-stepping problem of the free surface equations, we need to solve the σ -transformed
Laplace problem to recover the vertical free surface velocity. The weak formulation of (5) is expressed as find
Φ ∈V such that ∫∫∫

Ωc
∇

c · (K∇
c
Φ)vdx =

∮
Γc

vn · (K∇
c
Φ)dx−

∫∫∫
Ωc
(K∇

c
Φ) ·∇cvdx = 0, (13)

for all v ∈V . The discretization leads to a sparse linear system of the form

LΦh = b, L ∈ RN×N , Φh,b ∈ RN , (14a)

where N is the total degrees of freedom in the discretisation and

Li j =−
∫∫∫

Ωc
(K ∇

cN j) ·∇cNidx =−
Nk

∑
k=1

∫∫∫
Ωc,k

(K ∇
cN j) ·∇cNidx (14b)

bi =
∮

Γc
Nin ·

(
K ∇

c

(
N

∑
j=1

φ jN j

))
dx =

Ns

∑
s=1

∮
Γc,s

Nin ·

(
K ∇

c

(
N

∑
j=1

φ jN j

))
dx (14c)

and where Ns is total number of segments of the domain boundary of the computational domain constituted from
the surfaces of the elements used to tesselate the domain.

(a)

SigmaTransformed::DoOdeRHS

SigmaTransformed::PostIntegrate
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<latexit sha1_base64="N5gz0vV1yP6BQZG68syWEggcw08=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBZBEEpSpHosePFYwdZCGstmu2mXbnbD7kQooT/DiwdFvPprvPlv3LQ5aOuDgcd7M8zMCxPBDbjut1NaW9/Y3CpvV3Z29/YPqodHXaNSTVmHKqF0LySGCS5ZBzgI1ks0I3Eo2EM4ucn9hyemDVfyHqYJC2IykjzilICV/D4D8pjJC29WGVRrbt2dA68SryA1VKA9qH71h4qmMZNABTHG99wEgoxo4FSwWaWfGpYQOiEj5lsqScxMkM1PnuEzqwxxpLQtCXiu/p7ISGzMNA5tZ0xgbJa9XPzP81OIroOMyyQFJuliUZQKDArn/+Mh14yCmFpCqOb2VkzHRBMKNqU8BG/55VXSbdS9Zr15d1lrNYo4yugEnaJz5KEr1EK3qI06iCKFntErenPAeXHenY9Fa8kpZo7RHzifP2TlkKM=</latexit>

⌘n+1

(b)

Zakharov::DoOdeRHS

Zakharov::PostIntegrate

1. Compute the RHS of the Zakharov equations 
in 2D setting

1. Update wave forcing using relaxation zones
2. Send                and                   via CWIPI transfer

<latexit sha1_base64="UYo3Rqy8NDKW8thBOQAY0tuqQh4=">AAAB+3icbVBNS8NAEN34WetXrEcvi0UQhJIUqR4LXjxWsB/QxrLZbNqlm03YnYgl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5fiK4Bsf5ttbWNza3tks75d29/YND+6jS0XGqKGvTWMSq5xPNBJesDRwE6yWKkcgXrOtPbmZ+95EpzWN5D9OEeREZSR5ySsBIQ7syAC4Clg2SMc8fMnnh5kO76tScOfAqcQtSRQVaQ/trEMQ0jZgEKojWfddJwMuIAk4Fy8uDVLOE0AkZsb6hkkRMe9n89hyfGSXAYaxMScBz9fdERiKtp5FvOiMCY73szcT/vH4K4bWXcZmkwCRdLApTgSHGsyBwwBWjIKaGEKq4uRXTMVGEgomrbEJwl19eJZ16zW3UGneX1Wa9iKOETtApOkcuukJNdItaqI0oekLP6BW9Wbn1Yr1bH4vWNauYOUZ/YH3+ACvrlH0=</latexit>

�̃n+1

<latexit sha1_base64="7ZtXogn0MSyBNEUZ0yRX24HQ6z4=">AAAB/HicbZDLSsNAFIYn9VbjLdqlm8EiCEJJilQXLgpuXFawF2hjmUwm7dDJJMxMhBDiq7hxoYhbH8Sdb+OkzUJbfxj4+M85nDO/FzMqlW1/G5W19Y3Nreq2ubO7t39gHR71ZJQITLo4YpEYeEgSRjnpKqoYGcSCoNBjpO/Nbop6/5EISSN+r9KYuCGacBpQjJS2xlZNPWT83MnhNdREuJ+b5tiq2w17LrgKTgl1UKoztr5GfoSTkHCFGZJy6NixcjMkFMWM5OYokSRGeIYmZKiRo5BIN5sfn8NT7fgwiIR+XMG5+3siQ6GUaejpzhCpqVyuFeZ/tWGigis3ozxOFOF4sShIGFQRLJKAPhUEK5ZqQFhQfSvEUyQQVjqvIgRn+cur0Gs2nFajdXdRbzfLOKrgGJyAM+CAS9AGt6ADugCDFDyDV/BmPBkvxrvxsWitGOVMDfyR8fkDzFaTiQ==</latexit> tn
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Zakharov::PreIntegrate

1. Receive            via CWIPI transfer

SigmaTransformedLaplace::DoOdeRHS

SigmaTransformedLaplace::PostIntegrate

1. Do nothing

1. Receive                  and                 via CWIPI transfer
2. Set the boundary condition at the free surface 
using
3. Update the sigma transformation factors using 
4. Solve the Laplace equation for 
5. Evaluate
6. Extract   

<latexit sha1_base64="UYo3Rqy8NDKW8thBOQAY0tuqQh4=">AAAB+3icbVBNS8NAEN34WetXrEcvi0UQhJIUqR4LXjxWsB/QxrLZbNqlm03YnYgl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5fiK4Bsf5ttbWNza3tks75d29/YND+6jS0XGqKGvTWMSq5xPNBJesDRwE6yWKkcgXrOtPbmZ+95EpzWN5D9OEeREZSR5ySsBIQ7syAC4Clg2SMc8fMnnh5kO76tScOfAqcQtSRQVaQ/trEMQ0jZgEKojWfddJwMuIAk4Fy8uDVLOE0AkZsb6hkkRMe9n89hyfGSXAYaxMScBz9fdERiKtp5FvOiMCY73szcT/vH4K4bWXcZmkwCRdLApTgSHGsyBwwBWjIKaGEKq4uRXTMVGEgomrbEJwl19eJZ16zW3UGneX1Wa9iKOETtApOkcuukJNdItaqI0oekLP6BW9Wbn1Yr1bH4vWNauYOUZ/YH3+ACvrlH0=</latexit>

�̃n+1

<latexit sha1_base64="SGBJWjuh3j1H/x1hzYqaEMOBPyU=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBZBEEpSSvVY8OKxgv2ANi2b7aZdutmE3Y1SQv6HFw+KePW/ePPfuGlz0NYHA4/3ZpiZ50WcKW3b31ZhY3Nre6e4W9rbPzg8Kh+fdFQYS0LbJOSh7HlYUc4EbWumOe1FkuLA47TrzW4zv/tIpWKheNDziLoBngjmM4K1kYbJIJqydJiIKydFpVG5YlftBdA6cXJSgRytUflrMA5JHFChCcdK9R070m6CpWaE07Q0iBWNMJnhCe0bKnBAlZssrk7RhVHGyA+lKaHRQv09keBAqXngmc4A66la9TLxP68fa//GTZiIYk0FWS7yY450iLII0JhJSjSfG4KJZOZWRKZYYqJNUFkIzurL66RTqzqNauO+XmnW8jiKcAbncAkOXEMT7qAFbSAg4Rle4c16sl6sd+tj2Vqw8plT+APr8weWyZHg</latexit>

�n+1
<latexit sha1_base64="R0skvVvC6PIb3kBdm8xq5K+bfio=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBZBEEpSpHosePFYwX5AGstmu2mXbjZhd6KUkJ/hxYMiXv013vw3btoctPXBwOO9GWbm+bHgGmz72yqtrW9sbpW3Kzu7e/sH1cOjro4SRVmHRiJSfZ9oJrhkHeAgWD9WjIS+YD1/epP7vUemNI/kPcxi5oVkLHnAKQEjuelT9pDKCyfDlWG1ZtftOfAqcQpSQwXaw+rXYBTRJGQSqCBau44dg5cSBZwKllUGiWYxoVMyZq6hkoRMe+n85AyfGWWEg0iZkoDn6u+JlIRaz0LfdIYEJnrZy8X/PDeB4NpLuYwTYJIuFgWJwBDh/H884opREDNDCFXc3IrphChCwaSUh+Asv7xKuo2606w37y5rrUYRRxmdoFN0jhx0hVroFrVRB1EUoWf0it4ssF6sd+tj0Vqyiplj9AfW5w9cApCc</latexit>

wn+1

<latexit sha1_base64="7ZtXogn0MSyBNEUZ0yRX24HQ6z4=">AAAB/HicbZDLSsNAFIYn9VbjLdqlm8EiCEJJilQXLgpuXFawF2hjmUwm7dDJJMxMhBDiq7hxoYhbH8Sdb+OkzUJbfxj4+M85nDO/FzMqlW1/G5W19Y3Nreq2ubO7t39gHR71ZJQITLo4YpEYeEgSRjnpKqoYGcSCoNBjpO/Nbop6/5EISSN+r9KYuCGacBpQjJS2xlZNPWT83MnhNdREuJ+b5tiq2w17LrgKTgl1UKoztr5GfoSTkHCFGZJy6NixcjMkFMWM5OYokSRGeIYmZKiRo5BIN5sfn8NT7fgwiIR+XMG5+3siQ6GUaejpzhCpqVyuFeZ/tWGigis3ozxOFOF4sShIGFQRLJKAPhUEK5ZqQFhQfSvEUyQQVjqvIgRn+cur0Gs2nFajdXdRbzfLOKrgGJyAM+CAS9AGt6ADugCDFDyDV/BmPBkvxrvxsWitGOVMDfyR8fkDzFaTiQ==</latexit> tn
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SigmaTransformedLaplace::PreIntegrate

1. Send            via CWIPI transfer
<latexit sha1_base64="VLYypmgWlVynQM0w3p3vlydoRPc=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mKVI8FLx4r2FZIY9lsNu3SzW7YnSgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSq4Adf9dkpr6xubW+Xtys7u3v5B9fCoa1SmKetQJZS+D4lhgkvWAQ6C3aeakSQUrBeOr2d+75Fpw5W8g0nKgoQMJY85JWAlvw9cRCx/mj7IQbXm1t058CrxClJDBdqD6lc/UjRLmAQqiDG+56YQ5EQDp4JNK/3MsJTQMRky31JJEmaCfH7yFJ9ZJcKx0rYk4Ln6eyIniTGTJLSdCYGRWfZm4n+en0F8FeRcphkwSReL4kxgUHj2P464ZhTExBJCNbe3YjoimlCwKVVsCN7yy6uk26h7zXrz9qLWahRxlNEJOkXnyEOXqIVuUBt1EEUKPaNX9OaA8+K8Ox+L1pJTzByjP3A+fwDH25GM</latexit>

w̃n

<latexit sha1_base64="N5gz0vV1yP6BQZG68syWEggcw08=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBZBEEpSpHosePFYwdZCGstmu2mXbnbD7kQooT/DiwdFvPprvPlv3LQ5aOuDgcd7M8zMCxPBDbjut1NaW9/Y3CpvV3Z29/YPqodHXaNSTVmHKqF0LySGCS5ZBzgI1ks0I3Eo2EM4ucn9hyemDVfyHqYJC2IykjzilICV/D4D8pjJC29WGVRrbt2dA68SryA1VKA9qH71h4qmMZNABTHG99wEgoxo4FSwWaWfGpYQOiEj5lsqScxMkM1PnuEzqwxxpLQtCXiu/p7ISGzMNA5tZ0xgbJa9XPzP81OIroOMyyQFJuliUZQKDArn/+Mh14yCmFpCqOb2VkzHRBMKNqU8BG/55VXSbdS9Zr15d1lrNYo4yugEnaJz5KEr1EK3qI06iCKFntErenPAeXHenY9Fa8kpZo7RHzifP2TlkKM=</latexit>

⌘n+1

AB3 gives                               
<latexit sha1_base64="F2WOkicngG1KPOa9KqqM862Bktw=">AAACB3icbVDLSgNBEJyNrxhfUY+CDAZBUMJukOgx4MVjBPOAbAyzk04yZHZ2mekVwpKbF3/FiwdFvPoL3vwbJ4+DRgsaiqpuuruCWAqDrvvlZJaWV1bXsuu5jc2t7Z387l7dRInmUOORjHQzYAakUFBDgRKasQYWBhIawfBq4jfuQRsRqVscxdAOWV+JnuAMrdTJH/qA7C5Vp974jPooZBdSPx6I8Uzr5Atu0Z2C/iXenBTIHNVO/tPvRjwJQSGXzJiW58bYTplGwSWMc35iIGZ8yPrQslSxEEw7nf4xpsdW6dJepG0ppFP150TKQmNGYWA7Q4YDs+hNxP+8VoK9y3YqVJwgKD5b1EskxYhOQqFdoYGjHFnCuBb2VsoHTDOONrqcDcFbfPkvqZeKXrlYvjkvVErzOLLkgByRE+KRC1Ih16RKaoSTB/JEXsir8+g8O2/O+6w148xn9skvOB/fXtCY9w==</latexit>

⌘n+1, �̃n+1

<latexit sha1_base64="VLYypmgWlVynQM0w3p3vlydoRPc=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mKVI8FLx4r2FZIY9lsNu3SzW7YnSgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSq4Adf9dkpr6xubW+Xtys7u3v5B9fCoa1SmKetQJZS+D4lhgkvWAQ6C3aeakSQUrBeOr2d+75Fpw5W8g0nKgoQMJY85JWAlvw9cRCx/mj7IQbXm1t058CrxClJDBdqD6lc/UjRLmAQqiDG+56YQ5EQDp4JNK/3MsJTQMRky31JJEmaCfH7yFJ9ZJcKx0rYk4Ln6eyIniTGTJLSdCYGRWfZm4n+en0F8FeRcphkwSReL4kxgUHj2P464ZhTExBJCNbe3YjoimlCwKVVsCN7yy6uk26h7zXrz9qLWahRxlNEJOkXnyEOXqIVuUBt1EEUKPaNX9OaA8+K8Ox+L1pJTzByjP3A+fwDH25GM</latexit>

w̃n

<latexit sha1_base64="VLYypmgWlVynQM0w3p3vlydoRPc=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mKVI8FLx4r2FZIY9lsNu3SzW7YnSgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSq4Adf9dkpr6xubW+Xtys7u3v5B9fCoa1SmKetQJZS+D4lhgkvWAQ6C3aeakSQUrBeOr2d+75Fpw5W8g0nKgoQMJY85JWAlvw9cRCx/mj7IQbXm1t058CrxClJDBdqD6lc/UjRLmAQqiDG+56YQ5EQDp4JNK/3MsJTQMRky31JJEmaCfH7yFJ9ZJcKx0rYk4Ln6eyIniTGTJLSdCYGRWfZm4n+en0F8FeRcphkwSReL4kxgUHj2P464ZhTExBJCNbe3YjoimlCwKVVsCN7yy6uk26h7zXrz9qLWahRxlNEJOkXnyEOXqIVuUBt1EEUKPaNX9OaA8+K8Ox+L1pJTzByjP3A+fwDH25GM</latexit>

w̃n

Dummy update

<latexit sha1_base64="N5gz0vV1yP6BQZG68syWEggcw08=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBZBEEpSpHosePFYwdZCGstmu2mXbnbD7kQooT/DiwdFvPprvPlv3LQ5aOuDgcd7M8zMCxPBDbjut1NaW9/Y3CpvV3Z29/YPqodHXaNSTVmHKqF0LySGCS5ZBzgI1ks0I3Eo2EM4ucn9hyemDVfyHqYJC2IykjzilICV/D4D8pjJC29WGVRrbt2dA68SryA1VKA9qH71h4qmMZNABTHG99wEgoxo4FSwWaWfGpYQOiEj5lsqScxMkM1PnuEzqwxxpLQtCXiu/p7ISGzMNA5tZ0xgbJa9XPzP81OIroOMyyQFJuliUZQKDArn/+Mh14yCmFpCqOb2VkzHRBMKNqU8BG/55VXSbdS9Zr15d1lrNYo4yugEnaJz5KEr1EK3qI06iCKFntErenPAeXHenY9Fa8kpZo7RHzifP2TlkKM=</latexit>

⌘n+1

<latexit sha1_base64="N5gz0vV1yP6BQZG68syWEggcw08=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBZBEEpSpHosePFYwdZCGstmu2mXbnbD7kQooT/DiwdFvPprvPlv3LQ5aOuDgcd7M8zMCxPBDbjut1NaW9/Y3CpvV3Z29/YPqodHXaNSTVmHKqF0LySGCS5ZBzgI1ks0I3Eo2EM4ucn9hyemDVfyHqYJC2IykjzilICV/D4D8pjJC29WGVRrbt2dA68SryA1VKA9qH71h4qmMZNABTHG99wEgoxo4FSwWaWfGpYQOiEj5lsqScxMkM1PnuEzqwxxpLQtCXiu/p7ISGzMNA5tZ0xgbJa9XPzP81OIroOMyyQFJuliUZQKDArn/+Mh14yCmFpCqOb2VkzHRBMKNqU8BG/55VXSbdS9Zr15d1lrNYo4yugEnaJz5KEr1EK3qI06iCKFntErenPAeXHenY9Fa8kpZo7RHzifP2TlkKM=</latexit>

⌘n+1
<latexit sha1_base64="UYo3Rqy8NDKW8thBOQAY0tuqQh4=">AAAB+3icbVBNS8NAEN34WetXrEcvi0UQhJIUqR4LXjxWsB/QxrLZbNqlm03YnYgl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5fiK4Bsf5ttbWNza3tks75d29/YND+6jS0XGqKGvTWMSq5xPNBJesDRwE6yWKkcgXrOtPbmZ+95EpzWN5D9OEeREZSR5ySsBIQ7syAC4Clg2SMc8fMnnh5kO76tScOfAqcQtSRQVaQ/trEMQ0jZgEKojWfddJwMuIAk4Fy8uDVLOE0AkZsb6hkkRMe9n89hyfGSXAYaxMScBz9fdERiKtp5FvOiMCY73szcT/vH4K4bWXcZmkwCRdLApTgSHGsyBwwBWjIKaGEKq4uRXTMVGEgomrbEJwl19eJZ16zW3UGneX1Wa9iKOETtApOkcuukJNdItaqI0oekLP6BW9Wbn1Yr1bH4vWNauYOUZ/YH3+ACvrlH0=</latexit>

�̃n+1
<latexit sha1_base64="UYo3Rqy8NDKW8thBOQAY0tuqQh4=">AAAB+3icbVBNS8NAEN34WetXrEcvi0UQhJIUqR4LXjxWsB/QxrLZbNqlm03YnYgl5K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5fiK4Bsf5ttbWNza3tks75d29/YND+6jS0XGqKGvTWMSq5xPNBJesDRwE6yWKkcgXrOtPbmZ+95EpzWN5D9OEeREZSR5ySsBIQ7syAC4Clg2SMc8fMnnh5kO76tScOfAqcQtSRQVaQ/trEMQ0jZgEKojWfddJwMuIAk4Fy8uDVLOE0AkZsb6hkkRMe9n89hyfGSXAYaxMScBz9fdERiKtp5FvOiMCY73szcT/vH4K4bWXcZmkwCRdLApTgSHGsyBwwBWjIKaGEKq4uRXTMVGEgomrbEJwl19eJZ16zW3UGneX1Wa9iKOETtApOkcuukJNdItaqI0oekLP6BW9Wbn1Yr1bH4vWNauYOUZ/YH3+ACvrlH0=</latexit>

�̃n+1

<latexit sha1_base64="N5gz0vV1yP6BQZG68syWEggcw08=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBZBEEpSpHosePFYwdZCGstmu2mXbnbD7kQooT/DiwdFvPprvPlv3LQ5aOuDgcd7M8zMCxPBDbjut1NaW9/Y3CpvV3Z29/YPqodHXaNSTVmHKqF0LySGCS5ZBzgI1ks0I3Eo2EM4ucn9hyemDVfyHqYJC2IykjzilICV/D4D8pjJC29WGVRrbt2dA68SryA1VKA9qH71h4qmMZNABTHG99wEgoxo4FSwWaWfGpYQOiEj5lsqScxMkM1PnuEzqwxxpLQtCXiu/p7ISGzMNA5tZ0xgbJa9XPzP81OIroOMyyQFJuliUZQKDArn/+Mh14yCmFpCqOb2VkzHRBMKNqU8BG/55VXSbdS9Zr15d1lrNYo4yugEnaJz5KEr1EK3qI06iCKFntErenPAeXHenY9Fa8kpZo7RHzifP2TlkKM=</latexit>

⌘n+1

<latexit sha1_base64="8eYg3APaBJpX5pvTCrRWovFjcRM=">AAAB+XicbVBNS8NAEJ34WetX1KOXxSIIQkmKVI8FLx4r2A9oY9lsNu3SzSbsbiol9J948aCIV/+JN/+NmzYHbX0w8Hhvhpl5fsKZ0o7zba2tb2xubZd2yrt7+weH9tFxW8WpJLRFYh7Lro8V5UzQlmaa024iKY58Tjv++Db3OxMqFYvFg54m1IvwULCQEayNNLDtvmY8oNnT7DETl+6sPLArTtWZA60StyAVKNAc2F/9ICZpRIUmHCvVc51EexmWmhFOZ+V+qmiCyRgPac9QgSOqvGx++QydGyVAYSxNCY3m6u+JDEdKTSPfdEZYj9Syl4v/eb1UhzdexkSSairIYlGYcqRjlMeAAiYp0XxqCCaSmVsRGWGJiTZh5SG4yy+vknat6tar9furSqNWxFGCUziDC3DhGhpwB01oAYEJPMMrvFmZ9WK9Wx+L1jWrmDmBP7A+fwAl9ZNN</latexit>

w̃n+1

Figure 1: Flow chart of the FNPF solvers: (a) a 3D approach in which the free surface equations are solved in
quasi 3D, and (b) 2D-3D co-simulation approach using a 2D free surface solver and a 3D kinematic solver.
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Implementation in Nektar++
It should be noted that [16] implemented a FNPF solver in Nektar++ in 2015. In that model the 2D Zakharov
solver was the ‘lead’ solver and the 3D domain associated with the Laplace solve was indeed created within the
Zakharov solver by reading a 3D mesh. However, such an approach is no longer accepted by the communicator
class in Nektar++, as it cause a MPI fork when run in parallel.

We thus apply two different approaches to implement the FNPF solver in Nektar++. The first is to initiate
the model using a 3D domain. We use here the approach of solving the Zakharov equations in quasi-3D in order
to be able to use the time-stepping schemes that are available in Nektar++. The second approach relies on co-
simulation of two separate solvers: the 2D Zakharov solver and the 3D sigma-transformed Laplace solver. The
models are coupled using the CWIPI (Coupling With Interpolation Parallel Interface) developed by Onera [19],
which communicates through MPI. It should be noted the Nektar++ have an existing CWIPI implementation [17].
Here we extend the implementation from coupling ’domain-to-domain’ to coupling ’domain-to-boundary’, i.e. to
only transfer the free surface boundary data to/from the Zakharov solver. The fundamental flow chart of the two
approaches are presented in Figure 1. As can be seen both the models perform the Laplace solve as a post-integrate
step – meaning that multi-step explicit methods should be used and not multi-stage. In the simulations we use the
explicit third-order Adam-Bashfort (AB3) scheme. For the co-simulation the pre- and post-integration stages are
also used to send-and-receive data.

The Laplace problem is solved using either a conjugate gradient iterative solver with static condensation or, for
more unstable cases, the parallel direct solver XXt [20]. In ongoing work, this solver strategy can be improved by
utilizing geometric p-multigrid acceleration [9] which is beneficial for wave-structure interaction applications.

Semi-circular channel
Waves propagating in a semi-circular channel give rise to a complex wave pattern caused by interacting diffracted
and reflected waves. Here we model the case of channel with an inner radius of 2.5 m, an outer radius of 5 m
and a constant water depth of 1 m. The linear waves with a wave length of 1.5 m are generated and absorbed in
relaxation zones extending from the circular channel. These are deep water waves as kh ≈ 4. Figure 2a shows the
computational mesh. It consists of 99 structured hexahedral elements with uniform polynomial order of 4. The
simulations are run for 50 s using an AB3 time step of 0.01 s. Please note that the boundary edges are straight-sided,
as the model at the present does not fully support iso-parametric elements.

Figure 2b shows the resulting wave pattern obtained by the two models. It is clear that there is virtually no
difference in the results and both models favorably agrees with the analytical solution in Figure 1c. Even though
there is an overhead in transferring data between the solvers in the 2D-3D co-simulation it is faster than the quasi-
3D approach.

(a)

(b)
(c)

Figure 2: Semi-circular channel case. (a) hexahedral mesh, (b): free surface elevation at t = 50 s. Comparison
between the 2D-3D coupled approach (left half) and quasi 3D approach (right half) and (c) analytical solution [4].
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(a)

(b)

(d)

(c)

(e)

Figure 3: Solitary wave impinging on a cylinder case. (a) computational mesh, and free surface elevation at
(b) t = 4.5 s; (c) t = 6.5 s; (d) t = 8.5 s and (e) t = 12.5 s.

Solitary wave scattering by a cylinder
We let a solitary wave with amplitude 0.1 m propagate in a fluid of 1 m depth and impact cylinder with 2 m radius.
The computational domain is x ∈ [−42,33] m and y ∈ [0,−19.2] m (symmetry condition). The solitary wave is
initially located at x =−17 m . This case has been used in many studies, e.g. [13, 12]. The domain is partitioned
into a single layer of 513 prismatic elements with horizontal polynomial order of 5 and vertical order of 3, see
Figure 3a. The mesh is heavily clustered towards the cylinder. The AB3 time step is 0.025 s and the simulation
time is t ∈ [0,12.5] s.

Figure 3 shows 4 snapshots of the wave-structure interaction. The solitary wave has a maximum wave run-up
at around 4.5 s, a radiated wave is created, and the solitary wave recover its crest amplitude after the scattering.
The solutions presented in Figure 3 appear similar to previously published results, e.g. [12]. We note that the
solution has a tendency to become unstable when representing the cylinder with straight sided elements. Using
curved elements typically alleviates this issue, see [13].
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Effects of Density Ratio on Sloshing-Induced Impact Pressures 

Andreas Peters, Bettar Ould el Moctar, Robert Potthoff 

 

With upgrades of global energy supply, the demand of natural gas (NG) as well as the sea 

transport of liquefied natural gas (LNG) have been increasing notably. In the meanwhile, 

renewable and clean energy, such as solar energy, wind energy, Hydrogen etc. have a growing 

share in global energy production. Among them, hydrogen is gaining more attention because of 

its storability and transportability liquified in vessels, and it is foreseeable that the production 

and transportation of liquified Hydrogen (LH2) will increase significantly in the future. Vessels 

transporting liquified gas in extremely low temperature (-162℃ for LNG and -253℃ for LH2, 

respectively) are nowadays normally structural equipped with membrane tanks, which are 

vulnerable to high local pressure caused by liquid impact. Thus, loads on walls of LH2- or 

LNG-tanks caused by the partially filled fluid motions in tanks excited by ship motions need to 

be paid more attention to in the design process of ships to ensure the transport safety. Numerical 

methods can be used to investigate the impact pressure induced by sloshing in principle; 

however, several physical phenomena must be modeled. Experiments investigating aspects, 

which may affect the impact pressure and the free surface instability such as density ratio (DR), 

viscosity of the liquid as well as phase transition between gas and liquified gas need to be 

carried out. 

In this work, the effects of density ratio between gas and liquid on sloshing impact pressure 

acting on partially filled tanks were investigated numerically and experimentally. The influence 

of density ratio between gas and liquid were studied in a similar range as that of liquified natural 

gas and liquified hydrogen (LH2). To investigate experimentally the influence of the density 

ratio between liquid and gaseous phases on impact pressure loads acting on tank walls, we 

varied the composition of the gas phase. SF6 and air were mixed to obtain different gas 

densities. Complying with the international sloshing benchmark test case, systematic 

investigation in terms of excitations by single-wave, harmonic motions and irregular motions 

was conducted. Numerical simulations were performed based on solving the equations of 

conservation of mass, momentum and energy as well as a transport equation for the volume 

fraction considering the compressibility of both phases. Experimental measurements were 

reproduced numerically by choosing the same geometrical setup, motions, and fluid properties 

as used in the experiments. Additionally, effects of temperature, compressibility, and density 

were studied numerically. 



MESHFREE Simulations for Maritime Applications 
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Despite significant progress in mathematical and numerical modeling, applying these techniques to 

maritime industries remains a complex challenge.  Over the years, Fraunhofer has been working on a 

MESHFREE software to address such issues.   

The Fraunhofer software MESHFREE (https://www.meshfree.eu/) is a powerful simulation tool for 

fluid dynamics, continuum mechanics, and multiphase scenarios that is based on a Generalized Finite 

Difference Method (GFDM). This enables efficient virtualization as well as optimization of processes 

and products even before physical prototypes are built. 

This presentation will provide a brief overview of MESHFREE's capabilities, specifically in maritime 

applications. 

MESHFREE is based on a general continuum mechanics approach1,2, which allows it to model a wide 

range of nonlinear physical phenomena, such as non-Newtonian fluids and complex materials. This 

makes it suitable for diverse applications, including water management, avalanches, foam formation, 

metal cutting, advanced fluid-structure interactions, and more. In contrast to classical mesh-based 

approaches, MESHFREE uses an automatically managed point cloud that is efficiently adapted to the 

simulation domain – even if the domain changes rapidly due to moving geometries or large 

deformations. The unique features of MESHFREE enable numerical simulations of scenarios that are 

currently completely out of reach of other tools: reliably simulating a car crossing puddles and small 

streams1, or abrasion in water turbines. Also, the computation can be considerably faster in scenarios 

that are difficult for mesh-based methods, such as free surface flows. 

In maritime applications, MESHFREE excels in simulating a wide range of scenarios, including moving 

ships1 and their interactions with waves, tank sloshing, ship stability, spray cleaning processes, 

tsunamis, flooding events, and floating bridges used in disaster control. 

The talk will begin with a brief introduction to the mathematical theory behind GFDM, followed by a 

summary of various maritime applications that can be effectively modeled using MESHFREE. 

 

[1] J. Kuhnert. MESHFREE Simulations in Car Design: Closing the Gaps of Classical Simulation Tools. In: H.G. Bock, 

KH. Küfer, P. Maass, A. Milde, V. Schulz, editors, German Success Stories in Industrial Mathematics. Mathematics 

in Industry, vol 35. Springer, Cham (2021). 

 [2] J. Kuhnert, I. Michel, R. Mack. Fluid Structure Interaction (FSI) in the MESHFREE Finite Pointset Method 

(FPM): Theory and Applications. In: M. Griebel, A. M. Schweitzer, editors, Meshfree Methods for Partial 

Differential Equations IX, Vol. 129, pages 73–92. Springer International Publishing (2019). 
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Effects of gas pockets on nucleation and growing of nanobubbles 
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This study addresses the disparity between experimentally measured and theoretically predicted tensile 

strengths by examining the role of nanoscale gaseous nuclei in cavitation. Despite efforts to remove 

dissolved gases and nanoscale contaminants from liquids, these nuclei remain as key sites for cavitation 

initiation. Using Molecular Dynamics (MD) simulations, we explored cavitation induced by nanoscale 

nuclei to evaluate their influence on the cavitation process. Our simulations provided a detailed exami-

nation of the microscopic dynamics of cavitation, building on the established effectiveness of MD for 

modeling both homogeneous and heterogeneous cavitation in water. The results suggested that existing 

models, such as the equivalent void assumption, may not fully capture the behavior of gaseous nuclei. 

For example, at 298 K, the equivalent void assumption model (Gao et al., 2021) predicted cavitation 

onset at -120 MPa for a void with a radius of 1 nm, whereas our simulations showed cavitation occurring 

at -48 MPa for a gaseous nucleus of the same size. By comparing these findings, we identified potential 

shortcomings in current models, emphasizing the need for more accurate representations of gaseous 

nuclei in cavitation studies. Our analysis could support the development of more reliable models for 

predicting and controlling cavitation in water. 
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1 Introduction

With the need to reduce carbon emissions in shipping, wind-assisted or fully sail-driven cargo transport
is a major subject for naval architecture in the coming years. This requires research on CFD analysis
for these ships. The pioneering work of Van der Kolk (2020) shows that, hydrodynamically, sailing hulls
operate in sideslip conditions to counteract the lateral force of the sails, so sideslip is no longer restricted
to manoeuvring, but has to be considered for the optimisation of calm-water resistance.

This paper considers if common CFD practices for calm-water resistance and local flow simulation
can be used for sail-driven cargo ships. Specifically: (1) are the numerical setup protocols that were
developed for straight-ahead sailing, valid for moderate sideslip? And (2), do the same scaling rules
from model scale (MS) to ship size (FS) apply? These points are tested on a Series 60 Cb = 0.6 hull,
which has earlier been studied by Queutey and Visonneau (2007).

Fig. 1: Line plan of the Series 60 Cb = 0.6 (top), the 5-mast full-rigged bulk carrier Preußen (middle),
and the DWA hull #34 from Van der Kolk (2020) (bottom).

2 Test case

Finding the right case The best example of modern sailing cargo hulls in the open literature is prob-
ably the DWA series (Van der Kolk (2020)). However, the tests in the current paper require high-quality
local flow data, which are not available for the DWA series and, indeed, hard to find in general. The
Series 60 Cb = 0.6 ship (Todd (1963)) is motor-driven, but it closely resembles the sailing cargo hulls of
the 19th and early 20th century. Apart from the sharper bow, its lines are close to the bulk carrier Preußen
(figure 1). In terms of size, proportions, and performance (table 1), the similarity with Preußen and the
famous tea clipper Cutty Sark is confirmed, while modern ships are close enough (although these tend to
have smaller drafts, flatter transom sterns, and more prudent cruising speeds than their predecessors).



Table 1: Characteristics of the Series 60 Cb = 0.6 hull compared with different sailing cargo vessels.

Lwl [m] L/B L/D Cb Vmax [kts] Frmax

Cutty Sark (1869) 64.8 5.90 10.12 0.62 17.5 0.357
Preußen (1902) 122.0 7.44 14.77 0.67 20.0 0.297
Series 60 Cb = 0.6 (1951) 121.9 7.50 18.75 0.60 21.3 0.316
DWA hull #34 (2020) 138.0 7.67 21.28 0.64 15.0 0.210
Neoliner (2025) 136.0 5.67 24.73 0.60 11.0 0.155

Regarding suitable sideslip angles β for the tests, the capacity to sail upwind is determined by the ratio
of sideforce to drag CS /CT , which in the experiments by Longo and Stern (2002) is highest at β = 10o.
However, high sideslip angles carry a significant drag penalty, so cargo ships are likely to choose routes
which limit the amount of upwind sailing. A ratio CS /CT = 1, which corresponds to beam reaching, is
obtained for β around 3o. Thus, β = 10o cannot be excluded but β ≤ 5o in most operational conditions.

Test case definition The test is based on the experimental setup of Longo and Stern (2002). For the
reasons stated above, the sideslip angles are β = 0o to 10o. Froude and Reynolds numbers are Fr = 0.16
(ReMS = 2.68 · 106, ReFS = 5.68 · 108) and Fr = 0.316 (ReMS = 5.30 · 106, ReFS = 1.12 · 109). The
model scale is 1 : 40. The hull is fixed, in the experimentally measured attitude for the model-scale force
tests and in the design position for the local flow and scale effect studies.

Reynolds-averaged Navier-Stokes (RANS) equations are solved with the anisotropic EASM turbu-
lence model (Duvigneau et al. (2003)) and a wall law with first-cell thickness y+ = 60 for MS and
y+ = 300 for FS. The computational domain runs from 1Lpp in front of the bow to 2.5Lpp behind it,
sideways to ±2Lpp, and vertically from 1.5Lpp below the waterline to 0.5Lpp above it. Far-field (veloc-
ity) conditions are prescribed on the lateral domain faces, with imposed pressure on the top and bottom.
Sideslip angles are imposed by rotating the entire domain and forces are given in body-aligned coordi-
nates. With the wetted area S = 2526.4m2 in FS and 1.579m2 in MS, the force coefficients are:

CT = Fx/( 1
2ρU

2
∞S ), CS = Fy/( 1

2ρU
2
∞S ). (1)

3 Flow solver and numerical setup

Solver The unsteady finite-volume Navier-Stokes solver ISIS-CFD is developed by Centrale Nantes
/ CNRS and distributed by Cadence Design Systems as part of FINE/Marine, which also contains
the mesher Hexpress. ISIS-CFD features a mixture-fluid formulation to model the water-air interface
(Queutey and Visonneau (2007)), various RANS and hybrid RANS/LES turbulence models, 6-DoF re-
solved or imposed body motion, and mesh deformation or overset meshing to handle moving bodies.

Adaptive grid refinement (Wackers et al. (2022)) allows the mesh to be automatically refined locally,
during the computation, according to the needs of the flow. The mesh is adapted by anisotropic local
division of the cells, based on a metric-tensor refinement criterion which is a real-valued tensor field
computed from the flow. The mesh is refined until the mesh size times the criterion is equal to a constant
threshold Tr throughout the mesh. Varying this Tr allows the mesh size to be adjusted globally.

Calm-water resistance protocol Wackers et al. (2022) define a standardised simulation setup protocol
based on mesh adaptation for the resistance of bare-hull displacement ships. This protocol provides con-
sistent, reliable simulations, since the adaptation ensures that all flow features are captured. Furthermore,
results were shown to be more accurate than on non-adapted meshes, for the same numbers of cells.

The mesh adaptation in the protocol is based on combined free-surface adaptation (threshold TrS =

1.3Lpp/1000) and refinement based on the second derivatives of pressure and velocity (threshold TrH ∈

[0.2Lpp, 0.025Lpp] for coarse to fine meshes). Cells smaller than Lpp/1000 are no longer refined and
horizontal refinement is suppressed from 0.3Lpp behind the stern. The initial mesh is kept coarse, with
cubic cells of Lpp/128 on the hull and no initial free-surface refinement. The time step is chosen such
that the ship passes its own length in 100∆t, and it is accelerated from rest in the first 100 time steps.



4 Grid convergence and applicability of the protocol

First, the numerical uncertainty and correspondence with measurements are evaluated in model scale. For
this, each condition is simulated with a series of 5 meshes using thresholds TrH from 0.2Lpp to 0.05Lpp.
Depending on β and Fr, the meshes have 320k–1.1M cells (TrH = 0.2L), 490k–1.6M (TrH = 0.14L),
880k–2.4M (TrH = 0.1L), 1.7M–4.0M (TrH = 0.07L), and 2.9M–6.4M (TrH = 0.05L).

Fig. 2: Model-scale resistance (left) and sideforce (right) at TrH = 0.05L as a function of the sideslip
angle, with numerical uncertainty, experiments, and numbers of cells.

Forces Figure 2 shows the resistance and side force as a function of β, compared with the measurements
of Longo and Stern (2002) and with numerical uncertainty estimations based on the 2023 version of the
Eça & Hoekstra approach (Eça et al. (2023)). The uncertainty for CT on the finest meshes (TrH = 0.05L)
is 1–2% for Fr = 0.316 and 3–5% for Fr = 0.16, while for CS it is always below 1%. The uncertainty
shows no systematic increase with β; the variations are caused by the strong reaction of the estimation to
small fluctuations in the data, since the difference between coarse- and fine-mesh solutions (not shown)
is similar for all β. However, the mesh size increases with sideslip: the adaptive refinement detects that
the flows become more complex and increases the number of cells to conserve numerical accuracy.

Given estimated experimental uncertainties below 1% Longo and Stern (2002), the difference be-
tween simulations and experiments is dominated by modelling error. For the resistance, the small-size
model required a transition stimulator of 10 × 3.2 mm studs at 9.5 mm intervals to obtain the desired
boundary layer behaviour. These studs, which are not simulated, probably add at least 10% to the exper-
imental resistance. For the sideforce, the propeller axis and hub (which are absent from the CAD model)
could explain part of the difference. However, the difficulties in predicting separated flows, discussed
below, doubtlessly contribute to the modelling error.

Local flow Figure 3 shows the model-scale wave field for Fr = 0.316, comparing coarse and fine grids.
At β = 0o the agreement between simulations, and with the experiments, is exceptional: all lines nearly
overlap. At β = 5o the agreement between the simulations remains the same, while for β = 10o it is
locally degraded around the bow wave. This is due to the strong breaking wave, which is sensible to the
grid size: for Fr = 0.16 and β = 10o where no breaking occurs, the agreement is as good as for β = 0o,
considering the very small amplitude of the waves. The correspondence with the experiments behaves
the same way, showing that the wave physics are well represented for all β.

For the wake (figure 4 shows Fr = 0.316), the numerical accuracy is again similar for different β.
However, the flow varies strongly with the sideslip. At β = 0o, the wake is essentially a flat-plate flow,
which is perfectly simulated except for the missing propeller hub which can be seen in the experiments.
For β = 10o, at x/L = 0.1 the main vortex is well captured but the leeward boundary layer near the free
surface has a bulge which is too low. This bulge is related with a complex separation bubble at the bow,
involving vortex separation with a Froude-dependent topology, and ventilation at Fr = 0.16 (figure 5).
Further back, the features of the open-type separation at the stern are all represented, but not perfectly
captured. This illustrates the increased complexity of the flow, compared with β = 0o.



Fig. 3: Grid convergence and experiments for the wave field, as a function of β and Fr. Model scale.

Fig. 4: Grid convergence and experiments for the axial flow in x-constant planes (body frame). Model
scale, Fr = 0.316.



Fig. 5: Streamlines and water volume fractions 0.1 / 0.9 (red) on the leeward (port) bow. Model scale.

5 Scale effects

Figure 6 presents full-scale forces and compares them with standard extrapolations from model scale.
The MS resistance is corrected following ITTC (2021) with the ITTC-1957 friction line and a form
factor estimated with Prohaska’s method based on Fr = 0.16 and 0.316. CS is considered the same
in MS and FS. The MS-based estimations are remarkably accurate, with errors close to the numerical
uncertainty, and hardly degrade for increasing β. The full-scale numerical uncertainty is comparable to
MS and the adapted meshes are larger than for MS, but the number of cells remains reasonable.

Fig. 6: FS resistance and extrapolated MS (left), FS and MS sideforce (right), TrH = 0.05L.

Fig. 7: Scale dependence of the wave field for Fr = 0.316.

Froude’s hypothesis is also confirmed for the wave field (figure 7), which only shows small dif-
ferences near the stern. For the wake (figure 8) the scale effect at β = 0o is only a reduction of the
boundary-layer thickness. However, it is more complex in sideslip. The velocity defect is reduced, and
confined to a smaller region, but the main vortical structures remain in place. Thus, the wake is a mixture
of Re-independent vorticity, induced by the sideward lift created by the sideslip, and scale-dependent
wake flow, which is hard to extrapolate between model and full scale.



Fig. 8: Scale dependence of the wake at x/L = 1.0, Fr = 0.316.

6 Conclusions

The tests show that, thanks to the adaptive meshing, the numerical uncertainty has little dependence on
β, which implies that our standard numerical protocols apply to sailing cargo ships. However, flows with
sideslip exhibit complex physics, which may require more sophisticated modelling than RANS with wall
laws. Extrapolation from MS to FS (and by inference, using model tests for design) appears valid for the
forces and the wave fields. However, accurately representing the wake, which is crucial for the design of
appendices, and propellers of wind-assisted ships, requires FS simulation.

These findings are preliminary, and have to be confirmed by more extensive studies, considering
for example modern transom-stern hulls. Accurate local-flow measurements for such hulls in sideslip
conditions would be very helpful.
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ABSTRACT

Advancements in ship Model-Based System Identification (SI) over recent decades have led to the
development of algorithms capable of learning complex relationships from data. This paper evaluates
the predictive capabilities and robustness of a convex programming model in SI, specifically focusing on
ability parameter prediction. The study evaluates the model’s prediction capabilities for both deep and
shallow water conditions. The model employed in this research is the MOERI Container Ship (KCS),
utilizing data from a 3-DOF numerical manoeuvring model based on the Abkowitz mathematical model
[1]. The results of the study demonstrate the model’s effectiveness in predicting ship performance, offering
valuable insights for its application in SI.

Keywords: Ship manoeuvrability, Convex programming model, System Identification (SI), Abkowitz
Mathematical model, Predictive performance, Manoeuvre data.

1 INTRODUCTION

Manoeuvrability is essential in ship design, operation and safety, recognized by the IMO through
resolution MSC.137(76) in 2002, which set standards for evaluating manoeuvring performance [2]. Accur-
ate ship manoeuvrability models require understanding ship dynamics, as the ITTC [3] outlines methods
like Captive Model Testing, free-running tests, empirical formulas, and computational simulations (Figure
1). System Identification (SI), particularly Model-Based SI, is the most reliable for determining hydro-
dynamic coefficients, using prior knowledge to focus on parameter identification rather than creating new
models.

Hayes [4] introduced the model reference method for ship SI, followed by Åström and Källström [5] using
probabilistic methods, including recursive prediction [6]. Wang [7] applied the Kalman Filter, and Rhee
et al. [8] used the Least Squares method for the Equation Error approach. Traditional methods, however,
face challenges like dependence on initial parameters and multicollinearity, leading to unreliable outcomes.

In last decade, machine learning models has been implemented in ship SI, as demonstrated by studies such
as Luo and Zou [9], who applied machine learning for parameter prediction and optimized the LS-SVR
algorithm to address issues like drift and multicollinearity. The data for this study was generated using a
numerical ship manoeuvring simulator based on the Abkowitz model, featuring the Mariner Class Vessel
and a zig-zag manoeuvre. Luo et al. [10] used free-running model tests to train an LS-SVM combined
with Particle Swarm Optimization, while Luo and Li [11] minimized drift in predicted coefficients using
SVM. Ban et al. [12] develop a method to handle variant Gaussian noise and outliers using epsilon
support vector regression ϵ-SVR and the sequential minimal optimization algorithm. Xu et al. [13]
implemented LS-SVM for real-time parameter estimation using free-running models, and Wang et al. [14]



introduced the Nu-SVM model for improved algorithm performance by controlling sparseness. Xue et al.
[15] adopted a Bayesian approach for hydrodynamic parameter identification, and Alexandersson et al.
[16] presents a method for identifying ship maneuvering dynamics using parameter estimation, inverse
dynamics regression, and an Extended Kalman filter with a Rauch Tung Striebel smoother.

Present study uses the Model-Based SI Method, using prior knowledge of ship dynamics to develop
a precise model for parameter identification. Despite progress, traditional methods remain limited in
accuracy and reliability, prompting the exploration of convex optimization models to enhance these aspects
in parameter estimation and manoeuvring performance prediction.

The present research evaluates the predictive capability of a linear model for estimating hydrodynamic
coefficients of the KCS container ship, using convex optimization through the ‘cvxpy‘ library. This
model effectively captures linear and nonlinear relationships in data, offering reliable generalization and
robustness in parameter identification.

2 PREDICTION ALGORITHM

According to ITTC [3] (Figure 1), methods for deriving manoeuvring parameters must balance
reliability, accuracy, and computation time. Some methods suit online predictions, while others do not
meet real-time requirements. The most notable methods are free and captive model tests, which, while
highly accurate, are also costly and time-consuming.

Figure 1: (ITTC) 2005. Overview prediction methods

Another approach is based on Computational Fluid Dynamics (CFD). Although CFD is less costly than
model tests, it remains resource-intensive. Recent advancements combining convex optimization with
CFD have maintained acceptable accuracy, suggesting potential for future online application.
Empirical methods, requiring minimal computation time, are ideal for online simulation but have reduced
accuracy compared to other methods. System-based manoeuvring models, despite their limitations, re-
main a good option for online tools.
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Convex optimization techniques have gained attention in ship SI, particularly through the SVM algorithm,
which has demonstrated strong predictive performance [9, 13]. These techniques show improvements over
conventional methods, establishing them as valuable tools in advancing SI [14].

This research focuses on evaluating the performance of a convex programming model for predicting ship
hydrodynamic parameters.

2.1 CVXPY Model for Linear Regression

The CVXPY model solves convex optimization problems and is well-suited for predicting parameters
in multiple linear regression, offering an intuitive interface for working with complex datasets. Multiple
linear regression aims to find coefficients that best fit the dependent variable, minimizing the difference
between observed and predicted values:

min
β

1

2
∥Xβ − y∥22 (1)

Where X is the input feature matrix, β is the vector of coefficients, and y is the vector of outputs.

In this implementation, an intercept term is added to the feature matrix to improve the model’s flexibility
in adjusting to the data. This intercept, represented as a column of ones, allows the regression line
to better fit the observed values by accounting for the baseline value of the response variable when all
predictors are zero.

Data preprocessing is crucial, typically involving dataset splitting and feature scaling to ensure equal
contribution from all predictors. Feature scaling helps stabilize the optimization process by ensuring that
all input features have comparable ranges, which is especially important when using solvers that rely
on numerical precision, as in the case of CVXPY. In this implementation, StandardScaler was used to
normalize the input features before fitting the model, and the transformation was also applied to the test
data to maintain consistency.

Once the data is preprocessed, the model’s objective function was formulated and minimized directly
using CVXPY’s syntax, defining the mean squared error (MSE) between predicted and actual values. The
optimization in this implementation was carried out using the OSQP solver (Operator Splitting Quadratic
Program), which was automatically selected by CVXPY based on the problem’s characteristics. OSQP
is particularly efficient for large and sparse datasets due to its operator splitting technique, which breaks
the problem into smaller subproblems to enhance computational performance. These characteristics
make OSQP well-suited for handling quadratic objectives like in this regression problem, providing a
good balance of efficiency, flexibility, and robustness.

The model’s performance is evaluated using metrics such as mean absolute error (MAE), and R-squared
(R2), which provide insights into the quality of the model fit and its ability to generalize to unseen data.
These metrics were calculated for both the training and test datasets to evaluate how well the model
performs in both contexts.

Visualization and interpretation of model coefficients were conducted to assess their relative influence on
the output variable. Coefficient analysis allows understanding of how changes in input features affect
the target variable, providing valuable insight for decision-making in applications where the magnitude
and direction of impact are significant. In this case, both the original and optimized coefficients were
compared to evaluate how well the optimization replicated the known parameter values.

In conclusion, the CVXPY model provides a robust approach to multiple linear regression, offering flexib-
ility in solver selection, data preprocessing, and model interpretation. The use of the OSQP solver in this
implementation enabled efficient parameter estimation and reliable evaluation, making CVXPY a powerful
tool for tackling regression problems with a strong focus on precision, robustness, and interpretability.
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3 MODEL-BASED SYSTEM IDENTIFICATION METHOD

3.1 Ship Motion Mathematical Model

The selected SI approach for this research is the Model-Based Method, based on K. Wolff’s work
[17], which extends Abkowitz’s mathematical model [1] using a Taylor Series Expansion for a polynomial
representation. Knowledge of these structural models is essential to assess the regression model. Ship
motion is analyzed in the horizontal plane for three degrees of freedom (surge, sway, and yaw), represented
by the dynamic equations (2), (3), and (4).

The numerical model uses two reference frames based on the right-hand convention: an earth-fixed ref-
erence frame (x0, y0, z0) and a body-fixed reference frame (x, y, z). In the body-fixed frame, the x-axis
points forward, the y-axis to starboard, and the z-axis downward.

m(u̇− vr − xGr
2) = X (2)

m(v̇ + ur + xGṙ) = Y (3)

Iz ṙ +mxG(v̇ + ur) = N (4)

In these equations, m represents the ship’s mass, Iz is the moment of inertia around the z-axis, and xG
is the longitudinal center of gravity in the body-fixed frame. The variables u, v, and r indicate surge
speed, sway and yaw speed, respectively. The right-hand side of equations (2), (3), and (4) denote the
hydrodynamic forces (X, Y ) and moment (N). Each term is represented as a function of multiple variables
using a Taylor Series expansion, as shown in Equation (5):

X,Y,N = f(u, v, r, u̇, v̇, ṙ, δ) (5)

The original hydrodynamic forces and moments were obtained from Simonsen et al. [18], using Planar
Motion Mechanism (PMM) tests to determine the forces for surge, sway, and yaw. This research uses
the well-known KCS container ship model. The coefficients in the following equations are consistent with
those derived from these PMM tests, but they were used using K. Wolff [17] approach.

X = Xuu∆u+Xuu∆u2 +Xvuv +Xvv
2 +Xrur +Xrrr

2

+Xvrvr +Xδu
2δ +Xδδu

2δ2 +Xuδuδ∆u+Xuδδuδ
2∆u

+Xvδuvδ +Xvδδuvδ
2 +Xvvδv

2δ +Xrδurδ +Xrδδurδ
2 +Xrrδr

2δ

+Xu̇u̇

(6)

Y = You
2 + Yuu∆+ Yvuv + Yvvv

2 + Yv|v|v|v|+ Yvuv∆u

+ Yrur + Yrr
2 + Yr|r|r|r|+ Yrrrr

3/u+ Yvvrv
2r/u+ Yvrrvr

2/u

+ Yδu
2δ + Yδδδ

2u2 + Yδδδu
2δ3 + Yδuuδ∆u+ Yδδuuδ

2∆u

+ Yδδδuuδ
3∆u+ Yv|δ|uv|δ|+ Yvδδuvδ

2 + Yrδurδ + Yrrδr
2δ + Yrδδurδ

2

+ Yv̇v̇ + Yṙṙ

(7)

N = Nou
2 +Nuu∆+Nvuv +Nvvv

2 +Nv|v|v|v|+Nvuv∆u

+Nrur +Nrr
2 +Nr|r|r|r|+Nrrrr

3/u+Nvvrv
2r/u+Nvrrvr

2/u

+Nδu
2δ +Nδδδ

2u2 +Nδδδu
2δ3 +Nδuuδ∆u+Nδδuuδ

2∆u

+Nδδδuuδ
3∆u+Nv|δ|uv|δ|+Nvδδuvδ

2 +Nrδurδ +Nrrδr
2δ +Nrδδurδ

2

+Nv̇v̇ +Nṙṙ

(8)

For shallow water conditions, the hydrodynamic coefficients are based on Simonsen et al. [18], with
corrections from the 23rd ITTC Proceedings [19]. Specifically, corrections by Sheng et al. [20] are applied
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to the added mass terms for sway Yv̇ and yaw Nṙ, while corrections by Clarke et al. [21, 22] relate to
sway terms Yv and Yr, and yaw terms Nv and Nr.

3.2 Data Selection

To evaluate the performance of the convex model, it was trained using data generated from a ship
numerical simulator developed in Python, simulating ship manoeuvres in the horizontal plane for three
degrees of freedom (3-DOF). The numerical simulator is based on the nonlinear K. Wolff mathematical
model [17], with hydrodynamic coefficients derived from the study by Simonsen et al. [18]. The training
manoeuvres included zig-zag tests with a rudder angle and course angle of 30◦-20◦, conducted at a design
speed of 24.0 knots to the starboard side. Table 1 shows the main characteristics of the ship model.

Main Particulars Symbol Full Scale
Length between perpendiculars Lpp [m] 230
Maximum beam of waterline BWL [m] 32.2
Draft T [m] 10.8
Displacement volume ∇ [m3] 5203
Block coefficient (CB) [-] 0.6505
Longitudinal Centre of Gravity LCG [m] 111.6
Moment of inertia Kzz/LPP 0.25

Table 1: KCS Container Ship Main Particulars

The benchmark model used to simulate the manoeuvres is the KCS container ship designed at the Mari-
time and Ocean Engineering Research Institute (MOERI). This model was developed to study and explain
the dynamics of fluid flow and serves as a benchmark for validating Computational Fluid Dynamics (CFD)
models, specifically for a contemporary container ship equipped with a bulbous bow and stern.

The performance of the model for parameter prediction was evaluated by comparing the original and
predicted hydrodynamic coefficients, as well as the trajectories, speed, forces, and moments.

The data used to generate the linear regression model follows the matrix representation in Equation (1).
Here, X is the matrix of input features (independent variables) corresponding to the right side of equations
(2), (3), and (4), while y is the vector of observed outcomes (dependent variable). The prediction vector
β corresponds to the hydrodynamic coefficients, excluding the velocity terms from equations (2), (3), and
(4).

4 RESULTS

This section presents the results obtained for both deep and shallow water conditions. The selected
manoeuvres for evaluating the original and predicted values were the same for both conditions: a turning
circle manoeuvre with a rudder angle of 35 degrees to starboard and a zig-zag manoeuvre with a rudder
angle of 30 degrees and a heading (psi) of 20 degrees. The shallow water condition considered in this
study has a water depth-to-draft ratio (h/T ) of 1.2.

4.1 Parameter Identification in Deep Water Conditions

The deep water simulation manoeuvres were based on the zig-zag manoeuvre for a rudder angle of
30 degrees and a course angle of 20 degrees, at a design speed of 24.0 knots. The model’s performance
was assessed by comparing the predicted and original ship trajectories, using the MAE as the metric to
quantify differences. The results indicate varying prediction accuracy across parameters, with sway and
yaw coefficients generally having higher MAE values, reflecting significant discrepancies. Surge coefficients
tend to have smaller errors, although some, such as Xv and Xv2, exhibit relatively high errors. Yaw
predictions also show variability, with parameters like NrIrI and Nvdlt2 showing considerable errors,
suggesting these are among the most challenging to predict accurately.
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Param. Surge C.O. C.P. MAE (%) Param. Sway C.O. C.P. MAE (%) Param. Yaw C.O. Predicted MAE (%)
Xu -2709 -2886 6.52 Y0 11 0 100.00 N0 -9 5 159.33
Xu2 1314 1129 14.08 Yu -15 -31 109.33 Nu 31 24 21.29
Xv -411 -49 88.00 Yv -11670 -11442 1.96 Nv -5087 -5181 1.84
Xv2 -3557 -5571 56.63 Yv2 169 118 30.22 Nv2 42 128 204.84
Xr 516 685 32.71 YvIvI -29447 -28866 1.97 NvIvI -4802 -5463 13.77
Xr2 -662 -834 26.01 Yvu -1630 -1778 9.06 Nvu -2441 -2380 2.49
Xvr 6007 5579 7.12 Yr 2049 1617 21.07 Nr -2518 -2396 4.83
Xdlt -17 0 100.00 Yr2 54 0 100.00 Nr2 -245 -251 2.26
Xdlt2 -1255 -1123 10.53 YrIrI 1445 3283 127.16 NrIrI -48 -741 1444.05
Xdltu -300 -395 31.57 Yr3 -1411 -3182 125.50 Nr3 -1964 -1282 34.70
Xdlt2u 2684 2659 0.94 Yv2r -12317 -15395 24.99 Nv2r -34725 -32868 5.35
Xvdlt 1731 2560 47.88 Yvr2 -31398 -35983 14.60 Nvr2 -1593 -32 98.02
Xv2dlt -2180 -3498 60.48 Ydlt 3102 3098 0.12 Ndlt -1561 -1495 4.26
Xvdlt2 -1191 -1187 0.31 Ydlt2 177 194 9.59 Ndlt2 -83 -96 15.90
Xrdlt -564 0 100.00 Ydlt3 -2065 -2157 4.44 Ndlt3 1402 1343 4.22
Xr2dlt -561 -545 2.88 Ydltu -3972 -3990 0.44 Ndltu 1630 1548 5.06
Xrdlt2 2929 2863 2.25 Ydlt2u 240 264 10.13 Ndlt2u -162 -174 7.33

Ydlt3u 940 1175 25.01 Ndlt3u 864 834 3.48
YIvIdlt 1424 1832 28.63 NIvIdlt -1305 -1437 10.13
Yvdlt2 4391 3520 19.83 Nvdlt2 -34 143 519.25
Yrdlt 403 347 13.96 Nrdlt -168 -159 5.53
Yr2dlt 1964 4031 105.27 Nr2dlt -1178 -1968 67.04
Yrdlt2 153 917 499.65 Nrdlt2 -458 -902 96.88

Table 2: Surge, sway, and yaw prediction of hydrodynamic coefficients for deep water condition with MAE. Results are shown in non-dimensional units and

must be multiplied by 10−6.

Figures 2, 3, 4, and 5 provide different perspectives of the turning circle manoeuvre at 35 degrees to
starboard. Figure 2 illustrates the comparison between the predicted and original trajectories, showing a
general alignment with minor deviations. Figuring the manoeuvre, where slight discrepancies are noted,
particularly during high rudder deflection. Figure 4 shows the comparison of heading (psi) and rudder
angle, demonstrating the model’s ability to capture the vessel’s changes in course effectively. Figure
3 shows the surge and sway forces comparison during the manoeuvre, highlighting slight discrepancies
during high rudder deflection. Finally, the Figure 5 presents the yaw force, indicating that while the
general trends align well, there are challenges in accurately predicting specific rapid changes.

Table 3 provides a detailed summary of the MAE for each parameter at key registration points during the
turning circle manoeuvre. These reference points (1, 2, 3, and 4) correspond to the moments when the
heading reaches 90, 180, 270, and 360 degrees, respectively. The analysis reveals significant deviations in
the longitudinal coordinate (x) at Register 3, while lateral dynamics (the y coordinate) present challenges
mainly at Register 4.

Description Register 1 Register 2 Register 3 Register 4
x (m) (Original) 748.09 437.73 -81.19 213.50
x (m) (Predicted) 741.33 427.36 -95.47 203.51
MAE (x (m)) (%) 0.90 2.37 17.59 4.68
y (m) (Original) -373.14 -899.78 -601.27 -84.05
y (m) (Predicted) -373.47 -902.99 -600.74 -78.23
MAE (y (m)) (%) 0.09 0.36 0.09 6.93
Surge velocity (m/s) (Original) 9.93 8.32 7.73 7.54
Surge velocity (m/s) (Predicted) 10.12 8.53 7.96 7.78
MAE (surge velocity (m/s)) (%) 1.90 2.64 2.97 3.13
Sway velocity (m/s) (Original) -2.44 -2.22 -2.12 -2.09
Sway velocity (m/s) (Predicted) -2.47 -2.25 -2.16 -2.13
MAE (sway velocity (m/s)) (%) 1.33 1.74 1.87 1.94
Yaw velocity (deg/s) (Original) 1.33 1.16 1.09 1.07
Yaw velocity (deg/s) (Predicted) 1.35 1.18 1.11 1.09
MAE (yaw velocity (deg/s)) (%) 1.47 1.67 1.82 1.92
Time (s) (Original) 78.80 151.82 232.30 315.94
Time (s) (Predicted) 77.68 149.59 228.57 310.72
MAE (time (s)) (%) 1.42 1.47 1.60 1.65

Table 3: Detailed MAE for key parameters at registration points during the Turning Circle manoeuvring at 35 degrees starboard.

Figures 6, 7, 8, and 9 illustrate different aspects of the zig-zag maneuver at 30/20 degrees to starboard.
Each figure compares original and predicted values, providing a comprehensive view of the vessel’s behavior
during the maneuver.
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Figure 2: Turning circle trajectory comparison.

Figure 3: Surge and sway forces comparison.

Figure 4: Heading and rudder angle comparison.

Figure 5: Yaw moment comparison.

Table 4 presents the detailed MAE values at each registration point, including original and predicted values
for position, velocities, and time. Six key reference points were selected. The first point corresponds to
when the vessel reaches a heading of 20 degrees with a rudder angle of 30 degrees, marking the start of
changing the rudder to the opposite side. The second, fourth, and sixth points correspond to the first,
second, and third overshoots, respectively. The third and fifth points mark when the vessel again reaches
a heading of 20 degrees with the rudder at 30 degrees on the opposite side, initiating a new change of
rudder.

Description Reg. 1 Reg. 2 Reg. 3 Reg. 4 Reg. 5 Reg. 6
x (m) (Original) 361.13 645.50 1203.41 1391.14 1897.60 2118.47
x (m) (Predicted) 356.77 640.15 1192.89 1382.07 1890.60 2111.11
MAE (x (m)) (%) 1.21 0.83 0.87 0.65 0.37 0.35
y (m) (Original) -18.48 -163.54 -443.10 -382.78 -208.40 -295.33
y (m) (Predicted) -18.59 -161.98 -432.21 -369.78 -193.56 -279.53
MAE (y (m)) (%) 0.60 0.95 2.46 3.40 7.12 5.35
Surge velocity (m/s) (Original) 12.04 11.17 7.34 7.52 8.68 8.91
Surge velocity (m/s) (Predicted) 12.09 11.28 7.49 7.63 8.83 9.05
MAE (surge velocity (m/s)) (%) 0.42 0.95 2.06 1.47 1.80 1.62
Sway velocity (m/s) (Original) -1.77 -0.94 1.97 1.06 -2.01 -1.01
Sway velocity (m/s) (Predicted) -1.73 -0.98 1.98 1.08 -2.02 -1.06
MAE (sway velocity (m/s)) (%) 1.84 3.91 0.77 2.69 0.59 4.99
Yaw velocity (deg/s) (Original) 1.32 0.01 -1.03 0.00 1.16 0.01
Yaw velocity (deg/s) (Predicted) 1.34 0.01 -1.06 0.00 1.17 0.01
MAE (yaw velocity (deg/s)) (%) 1.06 29.41 3.12 182.11 1.30 16.00
Time (s) (Original) 29.43 57.19 123.69 150.33 214.41 241.43
Time (s) (Predicted) 29.06 56.44 121.09 147.54 211.06 237.51
MAE (time (s)) (%) 1.27 1.30 2.11 1.86 1.56 1.62

Table 4: Detailed MAE for key parameters at registration points during the Zig-Zag manoeuvring at 30/20 degrees starboard.
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Figure 6: Zig-Zag trajectory comparison.

Figure 7: Surge and sway forces comparison.

Figure 8: Heading and rudder angle comparison.

Figure 9: Yaw moment comparison.

The results indicate consistent accuracy for the longitudinal position (x), with MAE values ranging from
0.35% to 1.21%. In contrast, the lateral position (y) shows greater variability, with the MAE reaching up
to 7.12% at Register 5, highlighting challenges in predicting lateral movements during repeated changes
in direction. Surge velocity exhibits good accuracy, with a maximum MAE of 2.06%, while sway velocity
shows higher discrepancies, particularly at Registers 2 and 6. Yaw velocity is the most challenging to
predict, with an elevated MAE of 182.11% at Register 4, likely due to complex rotational responses and
non-linear hydrodynamic effects.

Figures 6, 7, 8, and 9 provide visual insights into these dynamics. In Figure 6, the trajectory comparison
shows good alignment between the original and predicted paths, with slight deviations during sharp
directional changes. Figure 7 illustrates the surge and sway forces acting on the vessel, where surge forces
are well predicted, while sway forces show discrepancies during high rudder deflection. Figure 8 shows the
relationship between rudder angle and heading (psi), capturing the vessel’s response, though with some
deviations during abrupt heading changes. Figure 9 highlights significant discrepancies in yaw force at
Registers 4 and 6, consistent with the high MAE values for yaw velocity.

In summary, the zig-zag maneuver at 30/20 degrees to starboard is effectively predicted by the model
in terms of surge velocity and longitudinal positioning. However, lateral dynamics and yaw response
show notable inaccuracies during abrupt direction changes, indicating the need for model improvements,
particularly in representing non-linear and coupled hydrodynamic forces.

4.2 Parameter Identification in Shallow Water Condition

The shallow water simulation manoeuvre corresponds to the zig-zag manoeuvre with a rudder angle
of 30 degrees and a course angle of 20 degrees. The simulation was carried out for a model ship at a
design speed of 24.0 knots, with a water depth-to-draft ratio (h/T ) of 1.2. The results presented in Table
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5 indicate a some important variations across some parameters, particularly for sway and yaw coefficients,
which display high MAE values. Parameters such as Yv2 and Nvdlt2 exhibit significant deviations, with
MAE values exceeding 100%. Surge coefficients, as in the deep water predictions, generally show smaller
errors, though some, like Xv2, still have relatively high discrepancies. Overall, yaw coefficients again
display substantial variability, with NvIvI and Nrdlt2 showing significant differences from the original
values, highlighting ongoing challenges in achieving precise predictions.

Param. Surge C.O. C.P. MAE (%) Param. Sway C.O. C.P. MAE (%) Param. Yaw C.O. Predicted MAE (%)
Xu -2709 -2797 3.26 Y0 11 4 65.36 N0 -9 0 100.00
Xu2 1314 1100 16.26 Yu -15 -112 644.59 Nu 31 54 72.58
Xv -411 0 100.00 Yv -38617 -41750 8.11 Nv -12840 -8904 30.66
Xv2 -3557 -14140 297.51 Yv2 169 -3415 2120.64 Nv2 42 6314 14933.18
Xr 516 633 22.65 YvIvI -29447 -26331 10.58 NvIvI -4802 -13597 183.16
Xr2 -662 -1974 198.23 Yvu -1630 -3534 116.83 Nvu -2441 -1083 55.65
Xvr 6007 0 100.00 Yr 5172.2 4400 14.93 Nr -5495 -4417 19.62
Xdlt -17 -3 83.94 Yr2 54 -72 233.33 Nr2 -245 -606 147.53
Xdlt2 -1255 -1177 6.20 YrIrI 1445 397 72.53 NrIrI -48 0 100.00
Xdltu -300 -384 28.11 Yr3 -1411 -18481 1209.80 Nr3 -1964 -4398 123.96
Xdlt2u 2684 2504 6.70 Yv2r -12317 -369942 2903.51 Nv2r -34725 -52860 52.22
Xvdlt 1731 3793 119.13 Yvr2 -31398 -211959 575.07 Nvr2 -1593 0 100.00
Xv2dlt -2180 0 100.00 Ydlt 3102 2976 4.06 Ndlt -1561 -1380 11.61
Xvdlt2 -1191 -927 22.19 Ydlt2 177 135 23.72 Ndlt2 -83 -74 10.84
Xrdlt -564 0 100.00 Ydlt3 -2065 -1702 17.56 Ndlt3 1402 1067 23.87
Xr2dlt -561 -1064 89.63 Ydltu -3972 -3619 8.88 Ndltu 1630 1221 25.10
Xrdlt2 2929 2849 2.74 Ydlt2u 240 485 102.19 Ndlt2u -162 -232 43.48

Ydlt3u 940 1330 41.52 Ndlt3u 864 1060 22.72
YIvIdlt 1424 229 83.91 NIvIdlt -1305 -1098 15.86
Yvdlt2 4391 84 98.08 Nvdlt2 -34 0 100.00
Yrdlt 403 184 54.34 Nrdlt -168 -185 10.06
Yr2dlt 1964 7899 302.18 Nr2dlt -1178 -5296 349.55
Yrdlt2 153 1516 891.14 Nrdlt2 -458 -2035 344.41

Table 5: Surge, sway, and yaw prediction of hydrodynamic coefficients for shallow water condition with MAE. Results are shown in non-dimensional units

and must be multiplied by 10−6.

Figures 10, 11, 12, and 13 illustrate different aspects of the maneuver. Each figure compares the predicted
and original values, providing insights into the model’s performance under shallow water conditions.

Table 6 shows the MAE for each parameter at key registration points during the maneuver, including
original and predicted values for position, velocities, and time. The results indicate that the x coordinate
has a maximumMAE of 4.23% at Register 3, showing some difficulty in predicting longitudinal positioning
at the point of maximum deviation. The y coordinate presents a notable error of 11.55% at Register
4, suggesting challenges in predicting lateral dynamics, especially in shallow waters, where increased
hydrodynamic resistance affects lateral force generation.

Description Register 1 Register 2 Register 3 Register 4
x (m) (Original) 1160.97 378.04 -499.78 272.85
x (m) (Predicted) 1172.89 374.28 -520.91 270.48
MAE (x (m)) (%) 1.03 1.00 4.23 0.87
y (m) (Original) -830.85 -1719.80 -943.96 -68.76
y (m) (Predicted) -844.02 -1746.97 -954.39 -60.82
MAE (y (m)) (%) 1.59 1.58 1.10 11.55
Surge velocity (m/s) (Original) 11.73 11.60 11.56 11.55
Surge velocity (m/s) (Predicted) 11.80 11.70 11.67 11.66
MAE (surge velocity (m/s)) (%) 0.61 0.84 0.92 0.94
Sway velocity (m/s) (Original) -0.73 -0.73 -0.73 -0.73
Sway velocity (m/s) (Predicted) -0.72 -0.72 -0.72 -0.72
MAE (sway velocity (m/s)) (%) 1.11 1.24 1.28 1.29
Yaw velocity (deg/s) (Original) 0.80 0.80 0.80 0.80
Yaw velocity (deg/s) (Predicted) 0.79 0.79 0.79 0.79
MAE (yaw velocity (deg/s)) (%) 1.01 1.14 1.19 1.20
Time (s) (Original) 133.75 246.46 358.60 470.56
Time (s) (Predicted) 135.06 248.88 362.32 475.77
MAE (time (s)) (%) 0.97 0.98 1.04 1.11

Table 6: Detailed MAE for key parameters at registration points during the Turning Circle manoeuvring at 35 degrees starboard in shallow waters.

The surge velocity is predicted effectively, with MAE values below 1% across all registers, while sway
velocity errors remain consistent at around 1.1-1.3%. Yaw velocity also shows minor discrepancies, with
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Figure 10: Turning circle trajectory comparison.

Figure 11: Surge and sway forces comparison.

Figure 12: Heading and rudder angle comparison.

Figure 13: Yaw moment comparison.

MAE values between 1.01% and 1.20%. The timing predictions are accurate, with MAE under 2%,
indicating good temporal prediction throughout the maneuver.

Figures 10, 11, 12, and 13 provide visual representations of these dynamics. Figure 10 shows that the
trajectory is generally well-aligned, with some deviations at Register 3. Figure 11 illustrates the surge and
sway forces, which align well except for minor discrepancies during periods of high rudder input. Figure
12 compares heading (psi) and rudder angle, demonstrating effective prediction of the vessel’s response
to steering inputs. Finally, Figure 13 highlights the yaw force, indicating good prediction accuracy with
some deviations during rapid heading changes.

In summary, the model performs well in predicting surge velocity and yaw under shallow water conditions,
while the lateral dynamics, particularly the y coordinate, present greater challenges. Improvements in
modeling hydrodynamic effects, especially for shallow water, could help reduce these discrepancies.

Next Figures 14, 15, 16, and 17 represent different aspects of the zig-zag maneuver at 30/20 degrees to
starboard in shallow water. Each figure compares the predicted and original values, providing insights
into the model’s performance.

Table 7 shows the MAE for each parameter at key registration points during the maneuver. The x co-
ordinate shows good accuracy across all points, with MAE values ranging from 0.19% to 1.29%, indicating
effective prediction of longitudinal positioning. In contrast, the y coordinate has significant variability,
with a peak MAE of 19.34% at Register 5, suggesting challenges in capturing lateral positioning, especially
during rapid direction changes. This discrepancy could be due to increased hydrodynamic resistance and
shallow water effects.
Surge velocity is well-predicted, with a maximum MAE of 0.78%, while sway velocity shows slightly higher
errors, ranging from 1.00% to 1.87%, particularly at Registers 3 and 4. Yaw velocity presents greater
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Figure 14: Zig-Zag trajectory comparison.

Figure 15: Surge and sway forces comparison.

Figure 16: Heading and rudder angle comparison.

Figure 17: Yaw moment comparison.

Description Reg 1 Reg 2 Reg 3 Reg 4 Reg 5 Reg 6
x (m) (Original) 541.63 787.75 1635.95 1846.63 2691.82 2926.07
x (m) (Predicted) 548.61 791.59 1619.92 1832.93 2701.05 2931.70
MAE (x (m)) (%) 1.29 0.49 0.98 0.74 0.34 0.19
y (m) (Original) -54.48 -165.48 -351.54 -255.98 -79.13 -186.18
y (m) (Predicted) -55.79 -164.59 -343.32 -245.82 -63.83 -168.48
MAE (y (m)) (%) 2.41 0.54 2.34 3.97 19.34 9.51
Surge velocity (m/s) (Original) 12.10 12.08 9.72 9.99 11.03 11.29
Surge velocity (m/s) (Predicted) 12.12 12.12 9.77 10.03 11.12 11.37
MAE (surge velocity (m/s)) (%) 0.19 0.31 0.51 0.41 0.78 0.71
Sway velocity (m/s) (Original) -0.59 -0.20 0.67 0.23 -0.68 -0.22
Sway velocity (m/s) (Predicted) -0.58 -0.20 0.68 0.23 -0.67 -0.22
MAE (sway velocity (m/s)) (%) 1.73 1.00 1.87 1.21 1.79 1.67
Yaw velocity (deg/s) (Original) 0.69 0.01 -0.76 -0.01 0.76 0.01
Yaw velocity (deg/s) (Predicted) 0.68 0.00 -0.78 -0.01 0.75 0.01
MAE (yaw velocity (deg/s)) (%) 1.51 97.15 2.64 22.14 1.68 30.03
Time (s) (Original) 44.71 67.06 149.40 173.06 257.45 280.55
Time (s) (Predicted) 45.27 67.25 147.17 171.01 257.26 279.80
MAE (time (s)) (%) 1.25 0.28 1.50 1.18 0.07 0.27

Table 7: Detailed MAE for key parameters at registration points during the Zig-Zag manoeuvring at 30/20 degrees starboard in shallow waters.

challenges, with a notable MAE of 97.15% at Register 2, indicating difficulty in predicting the rotational
dynamics under rudder-induced forces, possibly influenced by shallow water effects. Timing errors are
relatively low, with a maximum MAE of 1.50%, indicating that temporal dynamics are well captured
throughout the maneuver.

Figures 14, 15, 16, and 17 provide visual insights into these dynamics. Figure 14 shows the trajectory
comparison, highlighting more pronounced deviations during sharp changes in heading. Surge and sway
forces (Figure 15) are mostly well-aligned, though discrepancies occur during high rudder deflection.
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Figure 16 shows the heading (psi) and rudder angle, demonstrating the model’s ability to follow rudder
input, with some deviations during rapid changes. Figure 17 highlights the yaw force, where discrepancies
are notable at Registers 2 and 6, consistent with the high yaw velocity MAE values.

In summary, the zig-zag maneuver at 30/20 degrees to starboard in shallow water shows effective prediction
of surge velocity and longitudinal positioning, while lateral and yaw dynamics present greater inaccuracies.
The increased resistance and seabed interactions in shallow water appear to affect the model’s ability to
predict lateral forces and rotational dynamics accurately. Future improvements should focus on better
modeling non-linear forces and coupled dynamics to enhance prediction accuracy under shallow water
conditions, particularly during sharp directional changes.

5 CONCLUSIONS

5.1 Conclusions

The analysis conducted using the CVXPY model for linear regression and parameter identification
in ship manoeuvres shows promising results for predicting trajectories and hydrodynamic forces in both
deep and shallow water conditions. The model’s ability to adjust hydrodynamic coefficients and pre-
dict the ship’s response during different manoeuvres, such as turning circles and zig-zag manoeuvres, is
demonstrated by the generally low MAE rates across most evaluated parameters. To further improve the
model, several avenues of research are suggested.

It is essential to develop models that more accurately represent shallow water effects, including additional
resistance and altered flow around the hull and rudder. This may involve using more advanced flow
models or incorporating additional data from CFD simulations specific to these conditions. Addition-
ally, exploring more advanced machine learning techniques, such as support vector regression or Bayesian
regression, could help identify patterns in manoeuvrability data and adjust hydrodynamic coefficients
more precisely, particularly for predicting lateral and yaw forces, due to their robustness in capturing
non-linear relationships. To further assess and improve the model’s accuracy, it would be beneficial to
compare the obtained results with more extensive experimental data, including full-scale trials under vari-
ous environmental conditions and ship loading scenarios. Furthermore, identifying and incorporating the
influence of environmental conditions, such as current and wind, into the model could provide significant
improvements. The effects of wind are particularly important for identifying aerodynamic coefficients,
which directly affect the ship’s manoeuvrability and stability.

These future research directions focus on addressing the observed limitations, particularly in representing
complex forces and shallow water effects, contributing to the enhancement of safety and efficiency in
ship operations under varying environmental conditions and manoeuvres. Overall, the results indicate
that the model performs well in predicting surge velocity and longitudinal position (x), with low errors
that are crucial for accurate trajectory planning. However, challenges were observed in predicting lateral
dynamics (sway) and yaw, particularly during manoeuvres involving sharp directional changes and large
rudder angles. These challenges were more pronounced in shallow water conditions, where non-linear
hydrodynamic forces and additional resistance significantly affect model accuracy.
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Development of an Azimuth Propeller Duct for Shallow Water Applications 

Benjamin Kossmann, Ould el Moctar, University of Duisburg-Essen, Germany 

Abstract 

The specially shaped sterns of inland waterway vessels allow for the accommodation of relatively large propellers, 

which is a consequence of the vessels' design. In particular, the diameter of the propellers that can be 

accommodated is up to 20 % larger, thus enabling operation without ventilation. Nevertheless, in the case of an 

azimuth thruster with a freely positioned propeller, ventilation may occur due to the small distance between the 

water surface and the propeller. Such circumstances may result in dangerous operational situations, including an 

inability to manoeuvre. A systematic investigation was conducted, comprising model testing and numerical 

URANS simulations, with the objective of analysing the open water characteristics of a typical azimuth thruster 

fitted with the newly invented shallow water duct. The newly invented shallow water duct was developed with the 

objective of preventing the air drawing of the thruster's propeller, thereby avoiding the inception of propeller free 

surface ventilation (aeration). A typical thruster equipped with this duct was examined at an immersion depth 

below the minimum immersion depth recommended by the ITTC for open water tests. In comparison to a thruster 

equipped with a conventional standard duct, the performance of the thruster equipped with this shallow water duct 

was demonstrated to be markedly enhanced. At lower propeller advance coefficients, especially during bollard pull 

conditions, the duct generated more continuous thrust and torque with the propeller operating at the same operating 

point. However, at higher propeller advance coefficients, the duct caused the thruster to act like a brake. In 

particular, when equipped with the shallow water duct, thrusters installed on inland waterway vessels represent a 

constructive solution to enhance the manoeuvrability and operational safety of ships navigating in confined waters 

of limited depth. It is anticipated that the installation of the shallow water duct will enhance the thruster's capacity 

to accelerate the vessel. 

Nomenclature 

Ae Projected propeller area (m²) 

A0 Propeller disc area (m²) 

Ae/A0 Area ratio of the propeller (-) 

c0.7R Profile length of the propeller blade at 70% 

of the radius (m) 

c Chord length (mm) 

cTH Thrust loading coefficient (-) 

D Propeller diameter (m) 

DA Outer duct diameter (m) 

DI Inner duct diameter (m) 

DP Propeller diameter (m) 

h Water depth (m) 

Hz Frequency (1/s) 

J Advance coefficient (-) 

KQP Propeller moment coefficient (-) 

KTD Duct thrust coefficient (-) 

KTP Propeller thrust coefficient (-) 

KTT Total thrust coefficient (-) 

LD Duct length (m) 

n Rotational speed (1/s) 

P Pitch of the propeller (-) 

P/D Pitch ratio (-) 

QP Propeller torque (Nm) 

r Radius (m) 

rx Grid refinement factor in the x-direction (-) 

Re Reynolds number (-) 

T Ship draft (m) 

TD Duct thrust (N) 

TP Propeller thrust (N) 

TT Total thrust (N) 

va Propeller inflow velocity (m/s) 

Y Grid refinement ratio (-) 

Z Number of blades (-) 

η0P Propeller open water efficiency (-) 

η0T Total open water efficiency (-) 

v Kinematic viscosity (m²/s) 

μ0 Kinematic viscosity (m²/s) 

ρ Density of water (kg/m³) 

 

Introduction 

In recent years, water levels on numerous European inland waterways have declined to such an extent that the 

navigation of vessels has been restricted or even prohibited. It is anticipated that low water levels will occur with 

greater frequency in the future, resulting in the creation of novel operating scenarios and the necessity for revised 

specifications for inland waterway vessels. For extended periods, these vessels will be operating in waters of 

limited depth, i.e. at h/T ratios of less than 2.0. Conventional deep-submerged propellers are confronted with a 

significant challenge regarding ventilation when the distance from the upper blade edge to the free surface falls 

below a distance of 2D. This is since no additional structure, such as a hull or a similar obstruction, exists to impede 



the flow of ventilation. In inland waterway shipping, navigating in shallow waters may result in the propeller 

emerging from the water surface, which can cause a loss of thrust and a sudden propeller race. The conventional 

shaft system, situated within the specially designed stern section of inland waterway vessels, typically permits the 

propeller to be submerged up to 20% of its diameter. The aft ship design enables the propeller to operate without 

ventilation by drawing in water. Nevertheless, the occurrence of ventilation may be observed in the case of small 

ship drafts, which ultimately gives rise to difficulties in manoeuvring. The operation of azimuth thrusters in close 

proximity to the water surface may also give rise to ventilation issues. It is anticipated that the recently developed 

shallow water duct, as proposed by Kossmann et al. (2022), will prove beneficial for azimuth thrusters installed 

on inland waterway vessels navigating in areas where draft limitations restrict the immersion depth of the propeller. 

To circumvent this issue, the utilisation of this duct represents a practical alternative to a conventional duct, as it 

modifies the flow into the propeller to generate a more homogeneous thrust and torque, and, in comparison to a 

conventional duct, to circumvent ventilation. The initial investigation focused on the open water characteristics of 

a propeller equipped with a conventional duct positioned just below the water surface. For comparison, an 

investigation was conducted into the open water characteristics of the same propeller with the recently invented 

shallow water duct.  When installed just below the water surface, the duct serves to prevent the inception of 

ventilation and the drawing of air from the propeller, which is otherwise known as aeration. Computational Fluid 

Dynamics (CFD) analyses were conducted in accordance with the guidelines set forth by the ITTC (2022) for open 

water tests. The objective of the simulation was to investigate the effects of the free surface on propeller 

characteristics, specifically the two-phase flow of air and water. In general, CFD methods are effective for 

analysing flow problems and optimising newly developed devices, such as this duct. Furthermore, URANS 

methods and their associated flow models offer a favourable and efficient way of simulating flow phenomena. The 

selection of an appropriate flow model and the related computational meshing are of paramount importance for 

achieving accurate results. In accordance with the ITTC guidelines, open water tests are to be conducted at 

propeller immersion depths of at least 1.5 to 2.0 D (ITTC, 2022) in order to circumvent free surface effects, such 

as incoming ventilation at low propeller rotations. Tests conducted with pod propellers adhere to the same 

methodology as tests performed with conventional propellers. An immersion depth of 1.0 D was considered in 

order to investigate the ventilation of the propeller and the ability of the newly invented duct to avoid such 

ventilation. The objective of our tests was to emulate a realistic operational scenario applicable to inland 

navigation. The novel duct design incorporates a dome positioned in front of the duct, which, when viewed from 

a position between nine o'clock and three o'clock, regulates the inflow to the propeller. The dome, which has been 

shaped to optimise the flow, is approximately 1.5 times longer than that of a conventional duct. The inlet of the 

shallow water duct is situated at a lower vertical position in order to guarantee that a safe distance is maintained 

to the free surface in areas where the intake velocity is high. This prevents the occurrence of ventilation during 

bollard pull operations, thereby increasing and ensuring uniformity of propeller thrust. This is especially 

advantageous in critical scenarios, such as when a vessel accelerates or operates at low speeds, as it minimizes the 

probability of impaired manoeuvrability. The newly developed duct is integrated into an azimuth drive, thereby 

representing a propulsion system that is universally applicable. It is not necessary to have a particular ship design 

to install this system. The system may be operated just below the water surface and can be retrofitted to existing 

inland vessels or vessels underway in shallow waters that would otherwise be unable to manoeuvre with their 

primary propulsion. Also, the system may be employed as a starting aid, providing the ship with an initial impulse 

and enabling the primary propeller to be adequately loaded while simultaneously facilitating ventilation at 

increased speeds. 

Geometric Description 

Table 1: Principal particulars of the P189 propeller. 

Principal dimensions Symbol Value Unit 

 

Propeller - P189 - 

Propeller diameter DP 0.100 m 

Ratio of Pitch to Propeller Diameter P/D 1.052 - 

Area ratio of the propeller  Ae/A0 0.710 - 

Profile length of the propeller blade at 

70% of the radius  
c0.7R 0.042 - 

Blade thickness - 0.004 m 

Number of Blades Z 4 - 



We selected the four-bladed inland waterway stock propeller P189 for our experimental and numerical simulations. 

This propeller is designed for use on a pod propeller drive system. Table 1 lists principal particulars of the P189 

propeller. A picture of the model propeller is also shown. 

Table 2: Principal particulars of the standard duct D399 and the shallow water duct FWD-1. 

Principal dimensions Symbol Value Unit 

Duct  D399 

 

FWD-1 

 

 

Profile - 19a 19a - 

Inner duct diameter DI 0.101 0.101 m 

Outer duct diameter DA 0.122 0.122 m 

Duct length LD 0.050 0.129 m 

Ratio duct length to inner diameter  LD/Di 0.500 1.280 - 

The standard duct commonly used on inland waterway vessels is a stock duct. It is flattened on the outer 

circumference at the six o'clock position to maintain a flat vertical geometry and to provide ample distance from 

the riverbed. Although the flow around the duct is reduced, it is still acceptable. Table 2 lists principal particulars 

of the standard duct and the new shallow water duct. Both ducts have the same cross-sectional geometry as the 

standard duct D399. To reduce ventilation entering from the water surface, caused by the suction of the propeller 

at small advance ratios, a spherical cap encases the shallow water duct in the front area between the nine o’clock 

and three o'clock position. The spherical cap flushes with the duct, and its front end has a duct inlet profile. The 

entrance to the calotte is circular. The duct inlet at twelve o'clock position of the spherical cap is deeper than that 

of the conventional duct. As a result, under calm water conditions or even in small amplitude waves, no air is 

drawn in. The water primarily enters from the front and the lower sides. Figure 1 presents technical drawings 

showing the arrangement of a MARIN azimuth thruster (Maritime Research Institute Netherlands), the P189 

propeller, and the shallow water duct.           

 

Figure 1: Arrangement of the MARIN azimuth thruster, the P189 propeller, and the shallow water duct FWD-1. 

Numerical Method 

The simulations were conducted using version 2302 of the Siemens StarCCM+ numerical flow solver. The 

unsteady Reynolds-Averaged Navier-Stokes (URANS) equations were solved using the k-ω SST turbulence 

model. The conservation equations were discretised using a second-order method, with spatial and temporal 

discretisation employed. The Volume of Fluid method was utilised for the representation of the free surface. In 

accordance with the sliding interface method, the computational mesh was locally refined in both the horizontal 

and vertical directions in the vicinity of the azimuth thruster. The computational domain was divided into two 

subdomains. The outer (stator) surrounding rectangular domain was designed with a trimmed cell mesh. The inner 

domain, representing the rotor of the propeller, was meshed with polyhedral cells. By employing suitable initial 

and boundary conditions and a series of discrete approximations, an algebraic system of equations was derived, 

which was subsequently solved numerically. The spatial solution domain was initially divided into a finite number 

of contiguous control volumes (CVs). The equations of interest were found to contain surface and volume integrals, 

as well as temporal and spatial derivatives. The derivatives were suitably approximated for each control volume 

at each time step. It was assumed that the Reynolds-Averaged Navier-Stokes (RANS) equations adequately 

described the flow, with turbulence effects accounted for via an eddy viscosity model. The equations to be solved 

comprised the continuity equation, the three momentum component equations, and the two equations for 

turbulence properties. Furthermore, the conservation laws were upheld as the control volumes underwent changes 

in position and shape within the rotating propeller domain (Ferziger et al., 2019). 



Numerical Setup 

As in the model tests, the computational domain's bottom boundary was situated 10 D below the water surface; its 

inlet boundary, 10 D ahead of the propeller; its outlet boundary, 20 D behind the propeller; and its left and right-

side boundaries, 5 D beside the propeller. At the outlet boundary, the distribution of pressure was defined by 

hydrostatic pressures. At the inlet boundary, the advance speed and the free surface elevation were predetermined. 

Figure 2 illustrates the computational domain from two perspectives: a lateral view and a frontal view.  

  
Figure 2: Side view (left) and front view (right) of the computational domain. 

The flow within the numerical domain was discretised using small control volumes. The trimmed cell mesher in 

Simcenter STAR-CCM+ (Siemens 2302) was employed to generate hexahedral cells within a grid that spanned 

the entire region under consideration. Local refinement was employed for the mesh at the azimuth thruster, the 

duct, and the free surface. Ten prismatic cell layers were necessary to adequately resolve the boundary layer 

physics. A cylindrical volume was created and subtracted from the background domain to represent a rotating grid 

enclosing the propeller. To reduce the number of cells required, the domain was meshed using polyhedral cells in 

comparison to a trimmed cell mesh. This resulted in the formation of a non-conformal interface. The mesh at the 

propeller was locally refined via feature curves at its leading and trailing edges. Once more, the requisite number 

of cell layers was found to be ten, thus ensuring adequate resolution of the boundary layer physics on the surfaces 

of the propeller blades. By resolving the boundary layer down to the laminar sublayer with a y+ of less than unity, 

the diffusive and dissipative effects were captured. 

Discretisation Study 

To ensure adequate grid quality for our simulations, we carried out space and time discretization studies. We used 

the approach of Oberhagemann et al. (2016) to calculate discretization errors. Following his procedure, we 

performed our simulations on three successively finer grids, starting with a coarse grid. The absolute thickness of 

the boundary layer and the cell closest to the wall were kept the same for all three grids.  For the propeller at an 

advance ratio of J = 0.6 and a rotational speed of n = 25 s-1, Table 3 lists the number of control volumes of each 

grid and the associated grid spacings ∆x1, ∆x2, ∆x3 and time step sizes ∆t1, ∆t2, ∆t3. This table also lists the spatial 

grid refinement ratio γ, as well as the propeller thrust TP and the propeller moment QP obtained on these three 

grids. Also listed are the comparative extrapolated (grid-independent) and the measured propeller thrust and torque 

and their absolute and percentage errors. The grid refinement ratio was determined as follows: 

Table 3: Grid spacing, time step size, number of cells, refinement ratio, propeller thrust, and propeller moment obtained on 

the coarse, the medium, and the fine grids and the extrapolated (grid-independent) and measured errors for the 

ducted propeller at J = 0.6 and n = 25 s-1. 

 Δx 

[m] 

Δt 

[s] 

Number cells 

[-] Mio 

γ 

[-] 

TP 

[N] 

QP 

[Nm] 

Coarse Δx1 = 0.45  Δt1 = 0.00028 2.93 1.00 - 11.78 0.26 

Medium Δx2 = 0.32  Δt2 = 0.00020 4.51 0.66 - 11.25 0.25  

Fine  Δx3 = 0.23 Δt3 = 0.00014 7.58 0.44 - 11.17 0.23 

Extrapolated - - - 0.00 - 10.60 0.21 

Measured - - - - - 11.08 0.21 

Computed error absolute - - - - 0.48 0 

Computed error % - - - - - 4.53 % 0 % 



ϒ𝑖 =
∆𝑥𝑖
∆𝑥1

=
1

𝑟𝑥
𝑖−1

 (1) 

where subscript i refers to the particular grid, and rx is the grid’s refinement factor in the x-direction. We performed 

our discretization study for turbulent flow conditions. The solution variables of interest were propeller thrust TP 

and propeller torque QP. With increasing grid fineness, i.e., with decreasing refinement ratio γ, computed propeller 

thrust TP, obtained on the three grids, as well as the extrapolated (grid-independent) and measured propeller 

variables converged monotonically towards the grid-independent solution at γ = 0.  Absolute values of propeller 

thrust TP and propeller moment QP decreased with increasing grid fineness. The largest error of propeller thrust 

occurred at TP = -11.08 N on the extrapolated mesh. With increasing load, the measurement uncertainty of the 

MARIN azimuth thruster turned out to be about 1 percent in the range between 10 and 100 percent for propeller 

thrust and between 0.5 and 0.05 percent for propeller torque. This meant that our computed thrust and torque 

measurements were below measurement uncertainty. Computed values of thrust and torque showed that a coarser 

mesh overestimated both values. Therefore, we performed all subsequent numerical simulations on the medium-

sized grid, thereby representing a compromise between accuracy and computing effort. Simulations of the medium 

size grid were performed with 4032 core-hours. 

Numerical Results 

We have carried out tests on the standard and shallow water ducts in accordance with ITTC open water testing 

guidelines. In general, at a depth of 1.0D, a standard propeller duct arrangement tends to be heavily ventilated at 

low propeller speeds. To counteract this ventilation, the ITTC guidelines recommend a traditional minimum 

immersion depth of 1.5D for all thrusters and preferably 2.0D for azimuth thrusters. However, additional design 

measures for inland waterway vessels are unrealistic in shallow water. Such measures include specially designed 

stern tunnels to regulate the flow to the propeller and prevent ventilation. Azimuth thrusters often make these 

measures difficult to implement, especially if they are not located at the stern of the vessel. We therefore considered 

a shallow water azimuth thruster fitted with a standard duct and the newly developed shallow water duct under the 

operating conditions described below. 

 
Figure 3: Exemplary computed time series of thrust (blue) and torque (red) obtained with the standard duct (left) and shallow 

water duct (right) for the propeller at J = 0.1. 

 

Starting from standstill is a challenging operating condition because ventilation occurs rapidly at low propeller 

immersion depths, resulting in a decrease in thrust and torque due to the non-existent inflow velocity and low 

propeller advance coefficients. Figure 3 shows a computed time series of propeller thrust (blue) and propeller 

torque (red) obtained with the standard duct (left) and the shallow water duct (right) for the propeller with an 

advance coefficient of J = 0.1. The standard duct propeller developed significantly less thrust and torque than the 

shallow water duct propeller. This was due to the strong ventilation that occurred. The effect of the shallow water 

duct significantly reduced the fluctuations in thrust and torque. Often, accelerating an inland waterway vessel with 

conventional azimuth thrusters is difficult or even impossible. For this purpose, the shallow water duct was 

developed as it prevents ventilation at low propeller immersion depths. The dome-like protrusion in front of this 

duct regulates the inflow to the propeller without causing ventilation. 
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Figure 4: Comparative coefficients KTP, KTD, KTT, 10KQP, η0P, and η0T versus J obtained from experimental measurements and 

numerical simulations for the MARIN azimuth thruster with the P189 propeller and the shallow water duct FWD-1. 

 

Figure 5: Comparative coefficients KTP, KTD, KTT, 10∙KQP, η0P, and η0T versus J obtained from experimental measurements and 

numerical simulations for the MARIN azimuth thruster with the P189 propeller and the standard duct D399. 

Figure 4 plots comparative values of propeller thrust coefficient KTP, duct thrust coefficient KTD, total thrust 

coefficient KTT, moment coefficient 10∙KQP, propeller open water efficiency ηOP and total open water efficiency 

ηOT versus advance coefficient J obtained from experimental measurements and numerical simulations for the 

MARIN azimuth thruster with the open water P189 propeller and shallow water duct FWD-1. Figure 5 plots the 

results for standard duct D399. Dashed lines identify measured values, solid lines, computed values. As described 

above, computed values relied on the k-ω-SST model to account for turbulence. As seen in Figure 4, computed 

thrust coefficient KTP is close to the measured value. The propeller thrust was slightly overestimated at advance 

coefficients 0.3 < J < 0.8, and the propeller moment coefficient KQP was slightly overestimated over the entire 

range of advance coefficient J. Although the propeller’s open water efficiency was slightly overestimated, 

generally, our simulations compared favourably to the experimental model test measurements. Computed thrust 

coefficient KTT for the thruster with the shallow water duct was slightly overestimated at advance coefficients 

around J = 0.4 and, at J > 0.5, they were increasingly underestimated. This underestimation of total thrust 

coefficient KTT at higher advance coefficients caused the total open water efficiency η0T to also be underestimated. 

The gap between the azimuth thruster’s vertical axis and the shallow water duct was filled with wax to prevent air 



from entering. Therefore, the duct thrust could not be determined in the model test. At J = 0.4 the shallow water 

duct no longer contributed to total thrust. Indeed, it had a retarding effect. This meant that the duct was effective 

only at the propeller’s advance coefficients of 0 < J < 0.8. Nevertheless, for the extremely shallow water depth 

scenario we examined here, this range of the propeller’s advance coefficient sufficed.  

As there was strong ventilation in the standard configuration, the tests were only conducted up to an advance 

coefficient of J = 0.3. The propeller did not develop sufficient thrust due to ventilation. This occurred repeatedly. 

The situation is similar for propeller torque. At larger advance coefficients, propeller thrust, and torque increased 

at a flat rate. Completely ventilation-free operation could not be achieved, even at higher advance coefficients. 

Measuring the duct thrust was feasible in the configuration with the standard duct. As seen in Figure 5, at an 

advance coefficient of J = 0.1, the standard duct no longer contributed to thrust. However, a strong braking effect 

was not detected. Due to the strong ventilation, only an extremely low total thrust was generated. This resulted in 

an exceptionally low overall open-water efficiency of η0T = 0.2 at an advance coefficient of J = 0.3. As the k-ω-

SST turbulence model is less accurate for two-phase flow regimes as it was developed for single-phase flows, it 

caused the CFD simulations to predict significantly larger deviations compared to the setup using the shallow 

water duct. The deviation could be explained by insufficient grid resolution for ventilation and vortices.  In general, 

such characteristics are undesirable for azimuth thrusters at low immersions. A ship equipped with such thrusters 

would have difficulty accelerating and starting under such conditions. For this reason, fitting the developed shallow 

water duct is a viable solution for propellers operating close to the water surface. Under bollard pull conditions, a 

direct comparison between the standard duct and the shallow water duct showed that the use of the shallow water 

duct significantly increased the propeller thrust, in our case by more than 560 % compared to the use of the 

conventional duct. Even at higher lift coefficients of J > 0.3, the propeller still generated 350 % more thrust with 

the shallow water duct than with the standard duct. The standard duct did not contribute significantly to the thrust 

under these operating conditions. Under bollard pull conditions, the use of the standard duct produced a maximum 

thrust of 0.60 N, which was approximately 20 per cent of the propeller thrust of 3.1  N. This 20 % of propeller 

thrust was an excellent value under deep water conditions of 1.5D and is evidence of a well-designed propeller 

duct configuration. In this case, however, the total thrust of the system was insufficient due to strong ventilation. 

Standard duct at J = 0.0 Shallow water duct at J = 0.0 

  

  
Figure 6: Comparative free surface elevation and volume fraction of water (red) and air (blue) of a shallow-immersed azimuth 

thruster with a standard duct (top left) and with the shallow water duct (top right) from CFD simulations and Q-Criterion of 

volume fraction of water (green-blue colour bar) and air (orange-red colour bar) of velocity  i  in m/s with standard duct 

configuration (bottom left) and shallow water duct (bottom right) under bollard pull condition at J = 0.0. 

 



For a propeller thrust coefficient of J = 0.0, Figure 6 shows the free surface elevation for the shallow submerged 

azimuth thruster with a standard duct and with the shallow water duct. The duct in the CFD simulations was 

deliberately made 50% transparent to visualise the azimuth thruster and propeller. Water is shown in red, air in 

blue. Areas of mixture are shown in orange-yellow-green. For the standard duct thruster, the experimentally 

measured free surface shows a vortex generated at the twelve o'clock position of the free surface. As can be seen, 

this vortex passes through the propeller plane and then continues behind the propeller due to the strong formation 

of air bubbles. However, for the shallow water duct engine, no vortex formation is visible on the free surface and 

no air bubbles are formed behind the duct. The shallow water duct did not ventilate, because the distance between 

the duct inlet and the free surface was sufficiently large although the duct’s highest inlet point, i.e., its twelve 

o'clock position, was located merely under 20 mm beneath the smooth free surface. This small distance was 

sufficient to reduce the velocity at the shallow water duct’s critical twelve o'clock position, thereby directing the 

flow vertically downwards, which successfully prevented ventilation. As a standard duct does not have a 

corresponding dome extension, the flow velocity at a standard duct’s inlet was not only higher, but also closer to 

the free surface, and this promoted ventilation. Figure 6 also shows the Q-criterion of the standard duct 

configuration on the left and the shallow water duct configuration on the right side. Vortices are visible at the tip 

and hub of the propeller. The shallow water duct shows flow separation at the duct inlet and strong interactions 

with the propeller pod. The geometric design of the shallow water duct can be optimised in the future. It can be 

seen that the vortices of the water volume fraction (green blue) are much more pronounced and have a higher 

velocity (dark green area behind the propeller). The vortices of the water volume fraction can therefore continue 

much better behind the propeller. It can be seen that, in contrast to the standard duct, there is no air volume fraction 

(orange red) in the shallow water duct (right). This successfully prevents air from entering the duct and the 

propeller plane. The standard duct, on the other hand, has a high vortex fraction of the air volume fraction. This 

continues along the propeller tips and reduces the thrust of the propeller. The protruding dome of the shallow water 

duct reduced the flow velocity at its inlet sufficiently to suppress ventilation. However, this also meant that not 

enough water could be sucked in at higher advance coefficients. The shape of the dome created a back pressure 

area on the outer surface of the duct at the nine o'clock to three o'clock position. Although irrelevant at small 

advance coefficients, this created a braking effect at larger advance coefficients. The particular shape of the calotte 

of the shallow water duct favoured a build-up of the wave at higher advance coefficients. This increased the water 

level locally at the duct inlet. The combination of the lower intake point, the accumulated wave and the reduced 

flow velocities above the duct prevented the formation of ventilation during propeller operation. 

Conclusion 

A newly invented shallow water duct was presented which, due to its geometric shape, was shown to prevent 

propeller ventilation of shallow water azimuth thrusters. This duct was used to systematically investigate the 

influence of ventilation on propeller and open water characteristics. Compared to a conventional duct, this so-

called shallow water duct improved the performance at the relatively low propeller thrusts considered, although at 

higher thrusts the duct acted as a break. Direct comparisons for a typical azimuth thruster fitted with this shallow 

water duct resulted in significantly higher and more continuous thrust and torque. This should improve the starting 

conditions of a vessel in shallow water, thereby increasing not only the manoeuvrability of a particular vessel, but 

also its operational safety. The effects of a standard duct and this newly developed shallow-water duct were 

systematically investigated by carrying out open-water model tests and numerical CFD calculations, solving the 

URANS equations and using the k-ω-SST model to account for turbulence. These comparative results 

demonstrated the advantage and suitability of fitting an azimuth thruster to this shallow water duct. At low advance 

rates, the upper edge of the duct inlet of the shallow water duct is sufficiently distant from the free surface. Due to 

the low coefficient of advance combined with the geometric design of the duct, no ventilation is observed. At 

higher J, a damming wave forms on the outside of the duct, locally increasing the free surface around the duct 

inlet. This counteracts ventilation. Due to the geometric design of the duct, there is a larger frontal area than in a 

conventional duct. At higher lift coefficients, water accumulates on this surface, which means that the duct can no 

longer contribute to the thrust from J = 0.4 but has a braking effect. However, in direct comparison to a standard 

channel, much more and more continuous thrust can be generated. 
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1 Introduction

In order to help reach the IMO’s emission reduction goals for the maritime industry (IMO, 2023), En-
ergy Saving Devices (ESD) can be used. An example of a relatively new ESD is the gate rudder, which
was first introduced by Sasaki in Japan (Sasaki, 2013). In this new rudder configuration, two separate
rudder blades are placed at the sides of the propeller instead of a single blade placed behind the propeller
in the case of a conventional rudder. Ships equipped with the gate rudder show significant energy sav-
ings during operation (Sasaki et al., 2018, Celik et al., 2023). However, large discrepancies are observed
between energy saving predictions from simulations and experiments, and what is observed during full
scale sea-trials and actual operation.

The aim of this research is to increase the understanding of the physical principles of the gate rudder by
examining the hydrodynamic characteristics when sailing straight-ahead and with a ship drift angle. One
theory is that the situation in which the ship sails with a drift angle, so not perfectly straight through the
water, results in favourable operating conditions for the gate rudder. Only a limited amount of research
has been devoted to investigating this theory (Bulten, 2024).

2 Numerical Model

The research is carried out in the form of CFD RANS simulations of a 200 m long reference vessel
with a propeller diameter of 6.5 m in STAR-CCM+. The double body approach is employed and only
the stern part of the ship is simulated to reduce computational cost. No trim of the ship is taken into
account, which means that the hull geometry is fixed and remains parallel to the water surface (even
keel condition). The simulation uses the realizable k − ϵ two-layer turbulence model with all y+ wall
treatment. The mesh uses trimmed hexahedral cells with prism layer cells near the walls. Wall functions
are used to model the boundary layer, so the aim is to achieve y+ values above 30. The mesh consists
of about 9.1 million cells, divided in 4.3 million cells for the rotating region and 4.8 million cells for the
static region. An impression of the stern geometry and mesh is given in Fig. 1, showing the mesh and
the refinements around the propeller and gate rudder:

Fig. 1: Stern geometry of the reference vessel (upper left picture) and mesh refinements around
the propeller and gate rudder.



The ship speed and propeller rotational speed are fixed at 19.5 knots and 105 RPM respectively, and
the direction of inflow into the domain is varied in order to simulate various ship drift angles. Rudder
steering angles are introduced that correspond to a steering action that corrects for the drift direction.
The transient moving mesh with sliding interface approach along with the actual propeller geometry is
used to include the effect of the propeller. The numerical approach has been validated in an open-water
setup by making a comparison with experimental open-water measurement data of a propeller with gate
rudder, and the mesh dependency has been investigated. In the current work, the rudder performance is
monitored for the relatively high ship speed of 19.5 knots.

3 Results

In this section, first the characteristics during straight-sailing conditions (no ship drift) without rudder
steering are briefly explored. Then results for various combinations of ship drift- and rudder steering
angle are discussed.

3.1 Straight-sailing conditions

Under straight-sailing conditions, the direction of flow past the ship and the direction of travel of the
ship align with each other. Note that in their neutral ’no steering action’ position, the gate rudder blades
on this particular reference ship have a slight toe-out rotation angle. The x-direction (longitudinal ship
direction) velocity field for the reference vessel sailing straight-ahead without rudder steering and with a
speed of 19.5 knots can be seen in Fig. 2:

Fig. 2: Resulting x-direction velocity field with streamlines for the reference vessel sailing
straight-ahead with a speed of 19.5 knots.

It can be seen in Fig. 2 that, due to the slight toe-out rotation angle of the rudder blades, they do not face
the incoming flow head-on in their neutral positions but have a slight negative angle of attack of −1.8◦

for the port blade and −1.4◦ for the starboard blade. The angle of attack is determined by monitoring the
flow conditions in a small sampling volume located right before the leading edge of the lower vertical
section of the gate rudder blades. In straight-sailing conditions without rudder steering, the drag force
experienced by the gate rudder blades is not that significant (0.22% of the propeller thrust). It might be
interesting to dedicate an optimization study to finding a more optimal neutral toe-out rudder angle for
this vessel.



3.2 Sailing with Ship Drift- and Rudder Steering Angles
The effect of a ship drift angle on the performance of the gate rudder will be investigated by introducing
an angle to the flow entering the domain. The ship drift angles that are simulated are 5◦ and 10◦ both
from port and starboard. The left picture in Fig. 3 shows the definition of the (positive, from starboard)
ship drift angle Ψ:

Fig. 3: Definition of the (positive) ship drift angle Ψ (left picture) and definitions of the (pos-
itive) gate rudder blade steering angle χPS for the port gate rudder blade and χS B for the
starboard gate rudder blade. The red dots indicate the rotation axis of the rudder blades. As
seen from above (right picture).

An example of a velocity field with a ship drift angle of 10◦ can be seen in the left picture in Fig. 4:

Fig. 4: Resulting x-direction velocity field with streamlines for the reference vessel sailing
with a ship drift angle of 10◦ without rudder steering (left picture) and for the same conditions
the right picture shows the pressure coefficient on the insides of the port (left) and starboard
(right) gate rudder blades.

For the various ship drift angles, rudder steering angles of 5◦, 10◦ and 15◦ are simulated. The positive
gate rudder blade steering angle χ that brings the trailing edge towards the starboard side is indicated in
the right picture in Fig. 3. The steering action of the gate rudder will change the effective angle of attack
of the rudder blades with the flow and is therefore expected to impact the flow characteristics around the
blades and thus the thrust or resistance they produce.

When a ship drift angle is introduced, the ’upstream’ gate rudder blade (the blade on the side from where
the current comes) will experience more favourable inflow conditions compared to the ’downstream’
blade. This upstream blade (the starboard/right blade in case of a positive drift angle from starboard)
will have a positive angle of attack with the incoming flow (e.g. 12.6◦ in the case of a 10◦ drift from star-
board without rudder steering), while the downstream blade will have a negative angle of attack (−18.8◦

in the case of a 10◦ drift from starboard). Since the profile of the gate rudder blades is based on an aero-
foil profile, this positive angle of attack will result in a region of higher velocity and thus lower pressure



near the leading edge on the inside of the vertical section of the blade. This can be seen in the right
picture in Fig. 4 showing the pressure coefficient on the inside of the gate rudder blades for a drift angle
of 10◦ without rudder steering.

The simulation results for a 10◦ ship drift angle without rudder steering are here used to show the trends
that are also observed for the upstream- and downstream rudder blades in the case of other drift- and
rudder steering angles. Laser Doppler Anemometry (LDA) measurements by Sasaki et al. of the velocity
field for a scale model ship equipped with a gate rudder also confirmed this strong higher velocity,
and thus low pressure region on the gate rudder (Sasaki et al., 2017). The lower pressure region on
the upstream blade results in a lift force on the rudder profile oriented perpendicular to the flow. This
lift force will have a component in the positive x-direction of the ship which is larger than the force
components in the negative x-direction, which are due to for example drag on the rudder blade. This
rudder blade thus has a net positive contribution to the thrust force.

The upstream rudder blade will experience a less disturbed inflow field compared to the downstream
blade since, due to the drift angle, the flow reaching this blade mostly originates from parts of the domain
away from the ship. This can be seen from the plot of streamlines reaching the gate rudder blades in the
left picture in Fig. 5:

Fig. 5: Streamlines reaching the gate rudder blades, and points reaching the edges of the
propeller plane, for a drift angle of 10◦ without rudder steering (left picture) and resulting x-
direction velocity field with streamlines for the reference vessel sailing with a ship drift angle
of 10◦ with a rudder steering angle of 10◦ (right picture).

This flow has a higher velocity when it reaches the upstream gate rudder blade because it is less disturbed
by the boundary layer on the hull compared to the flow reaching the downstream blade. The downstream
blade operates more in the wake of the hull and thus encounters a more disturbed, lower velocity flow.
As mentioned, the downstream blade will experience a negative angle of attack with the incoming flow.
This results in a region of high pressure on the inside of the leading edge of the vertical section (as can
be seen in the right picture in Fig. 4). The result of this high pressure region is a net negative force in the
x-direction of the ship on this blade (thus an extra resistance). Whether the force on a gate rudder blade
results in a positive contribution to the thrust or in an additional resistance thus depends on the exact flow
conditions around the rudder blades.

The force in the x-direction (forward direction) of the ship for the port- and starboard blade individually
for the various combinations of ship drift- and rudder steering angles can be seen in the left plot in Fig. 6:



Fig. 6: Thrust in the x-direction of the ship for the port- and starboard rudder blades individ-
ually (left plot) and total combined rudder thrust (right plot) for various combinations of ship
drift- and rudder steering angles.

The downstream blade always experiences a negative force in the ship x-direction. The upstream blade
has a positive contribution for lower steering angles, and in most cases this is compensated by the neg-
ative force on the downstream blade (with some exceptions having a slight positive total rudder thrust).
For higher steering angles, the force on the upstream blade can also become negative. Furthermore, it can
be seen at lower (or zero) steering angles that for increasing drift angle, the positive thrust contribution
of the upstream blade increases more rapidly than the extra resistance contribution of the downstream
blade, resulting in an increase of the combined rudder force in the x-direction of the ship with increasing
drift angle. At combinations of high drift angles and high rudder steering angles, flow separation on the
rudder blades is observed, as can be seen for example in the right picture in Fig. 5 for the case of a 10◦

drift angle from starboard with a 10◦ rudder steering angle, indicated by the dark blue areas. This flow
separation leads to a significant increase in rudder resistance.

The total combined (port + starboard) rudder force in the x-direction of the ship can be seen in the right
plot in Fig. 6. In general it is observed that, with some exceptions, the overall combined rudder thrust
for the various combinations of ship drift- and rudder steering angles is negative. For most of the cases
the rudders thus do not result in a positive thrust force in the forward direction of the ship when a rudder
steering angle is present. For the cases with a ship drift angle without rudder steering, and the case of
a −10◦ ship drift angle and a −5◦ rudder steering angle, the gate rudder does result in a thrust force in
the x-direction of the ship. However, the question can be raised if these cases provide a realistic image
because, when sailing at these ship drift angles, almost certainly a (higher) rudder steering angle is re-
quired to keep the ship on course. These cases will therefore in reality probably only be encountered for
relatively short periods of time. Note however that for the more realistic case of straight-sailing without
rudder steering, the rudder resistance is relatively low, while for a conventional rudder a significantly
higher resistance is expected. It can also be seen that for higher drift angles, the rudder force starts drop-
ping earlier at lower rudder steering angles than for lower drift angles. This is because for these higher
drift angles, stall/flow separation occurs sooner (at lower steering angles).

The second y-axis in the right picture in Fig. 6 shows the force contribution of the rudder blades as a per-
centage of the propeller thrust at the straight-sailing condition without rudder steering. It can be seen that,
in the cases where the contributions of the two rudders result in a positive rudder thrust, this total thrust
of the rudders compared to the propeller thrust is relatively small. The highest percentage of rudder
thrust compared to propeller thrust is about 8% for the case of a 10◦ drift angle from starboard with-
out rudder steering. For the cases where the combined contributions of both rudder blades result in a net
rudder resistance, this negative rudder force can become relatively large compared to the propeller thrust.

Only looking purely at the forces of the gate rudder blades in the x-direction of the ship does not give



the complete picture since most of the thrust of the ship is coming from the main propulsor, which in
this case is the propeller. Initial investigations into the interactions between the propeller and gate rudder
seem to indicate that the gate rudder has an effect on the pre-swirl of the flow going into the propeller
plane, and thereby influences the propeller performance.

4 Conclusion and Recommendations

Significant differences in flow conditions between the port and starboard rudder blades are observed for
the various combinations of ship drift- and rudder steering angles at this relatively high ship speed. It is
found that when sailing with a drift angle, one of the gate rudder blades can result in a positive rudder
thrust force due to the angle of attack with the incoming flow. In most cases, this thrust is compensated
by the resistance of the other rudder blade.

The reported energy savings achieved by the gate rudder during real-life operation are significant. How-
ever, these energy savings are not reflected in the here presented simulation results of sailing with a drift
angle, so the discrepancy between numerical predictions and observed operational performance remains.
In order to say if the benefit of the gate rudder is based on the effect of sailing with a drift angle, a
comparison with a conventional rudder needs to be made, including the influence on the propeller (due
to the suspected influence of the gate rudder on the pre-swirl of the flow into the propeller plane). This
could then be repeated at a lower ship speed to see if a possible duct-like working of the gate rudder then
becomes more apparent. Note that comparing two vessels with different rudder types is not straightfor-
ward since in reality these ships will be optimised for that specific rudder type, so they will have different
configurations in terms of the propeller- and aft design of the ship. This will have an influence on the
results and makes it difficult to isolate the influence of the rudder type. It could also be that the benefit of
the gate rudder is not captured adequately in these rather limited static CFD simulations, and that more
dynamic simulations (including ship motion and moving rudders) are required in order to capture a pos-
sible influence of the gate rudder on the yaw and roll motions of the ship. Future work may also include
investigating different neutral toe-out rudder angles or investigating steering actions in which different
steering angles are used for each blade.
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1 Introduction

Ocean wave energy is a promising renewable source with significant potential to contribute to the global
energy mix. As the world shifts toward sustainable solutions, the development of wave energy converters
(WECs) has accelerated, categorized into attenuating, point-absorbing, and terminating devices (Drew
et al., 2009). Accurate prediction of motions and loads on WECs, particularly in relation to mooring
systems, is crucial for structural integrity and safety (Jiang et al., 2020). Mooring systems play a criti-
cal role in maintaining device stability under wave-induced forces, but their design is challenging due
to nonlinear hydrodynamic effects and fatigue forces in harsh sea conditions. Reliable assessment of
these systems requires interdisciplinary expertise in hydrodynamics and mooring dynamics, typically
approached through both physical testing and numerical methods (Davidson and Ringwood, 2017). Var-
ious numerical methods have been developed to model wave-structure interactions, such as mid-fidelity
potential solvers and high-fidelity computational fluid dynamics (CFD) tools. Potential flow solvers, de-
spite their inability to directly model viscous effects, are commonly employed in marine hydrodynamics
because of their reliability and computational efficiency. In contrast, CFD methods can simulate the in-
tricate interactions between nonlinear waves and floating structures, offering detailed insights into the
complex flow behaviors around floating bodies.

Traditional numerical approaches can be computationally intensive, prompting the use of surrogate
models for faster predictions without sacrificing accuracy. These models are especially important for
real-time monitoring of mooring line tensions to prevent damage. In our previous work, we developed a
data-driven model to predict the nonlinear dynamics of a floating body moored with catenary lines (Jiang
et al., 2024). This study builds on that work by evaluating the model’s performance in predicting the
motions and loads of a floating power system (FPS) under various irregular wave conditions (Zhang et al.,
2024). We assess the model’s generalizability to different sea states and its ability to predict nonlinear
hydrodynamics, with a focus on higher-order harmonic components of extreme events. This is crucial
for ensuring the safety and reliability of offshore structures.

2 Test case description

To evaluate the performance of a FPS for the Galway Bay wave energy test site, physical wave basin
tests were conducted at University College Cork, Ireland, using the National Ocean Energy Test Facil-
ity (Bosma et al., 2014). The FPS, designed to support data acquisition and supply power at the test site,
also acts as a local grid connection point, enabling the integration of multiple WECs. Figure 1 gives a
diagram of the experimental setup. The FPS model was built at a 1:25 scale with a draft of 30 mm, height
of 90 mm, and diameter of 200 mm, constructed from thermoplastic polycarbonate and weighing 766.4
g (excluding mooring lines). A three-point catenary mooring system, with three symmetrical mooring
lines, was used, each with a linear density of 45.5 g/m and a length of 3 m. Tests were conducted in a
wave basin measuring 25 m by 17.2 m, with a water depth of 1 m. A flap-type ocean wave generator fea-
tures 40 individually controlled paddles, capable of generating a diverse array of waves, such as regular
and irregular single direction waves, as well as directional-spread waves. Long-duration irregular wave
tests were conducted during the experimental campaign and they are analyzed in detail in this study.
Here, only waves propagating in the x-direction (parallel to line 2) are presented, where all conditions
are long-crested waves. Measurements of free-surface elevations as well as motions and loads on the FPS
were recorded at the frequency of 32 Hz (Bosma et al., 2015).
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Fig. 1: Diagram of the experimental setup, adapted from Zhang et al., Phys. Fluids 36, 082119 (2024).
Copyright 2024 Authors, licensed under a Creative Commons Attribution (CC BY) license.

3 Results and Discussion

The effectiveness of the data-driven approach for predicting the motions and forces of the FPS in irregular
waves is evaluated by examining the accuracy of the surrogate model. This includes verifying its ability
to predict the temporal responses of the moored FPS and the associated extreme events. For example,
Fig. 2 presents the training and validation results of the model for an irregular sea state. The model was
trained using time-series data from 0 to 250 s and validated on the remaining 30% of the dataset, covering
250 to 350 s. While some discrepancies exist between the actual and predicted local crests and troughs,
the model generally demonstrates strong accuracy in predicting the tensile forces on the mooring lines
for previously unseen wave conditions.

Fig. 2: Performance of the data-driven model in simulating the hydrodynamics of a floating power system
with mooring dynamics in an irregular sea state. The model was trained on time-series data from 0 to
250 s and tested on data from 250 to 350 s.

While the overall accuracy of the surrogate model is essential for predicting the temporal responses
and mooring tensions of a floating body in waves, its ability to capture nonlinear dynamics, particularly
during extreme events, is even more critical. Extreme motions and loads can pose significant risks to
floating structures in high sea states. To assess this, detailed comparisons between actual and predicted
results, based on exceedance probability, are shown in Fig. 3. The model, trained on 70% of the dataset
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for an irregular sea state, shows strong overall agreement between predicted and actual values. However,
when focusing on extreme events, the tensile forces on the mooring lines are slightly overpredicted during
these extreme conditions by the surrogate model. Overall, the model successfully captures the physical
relationships between wave elevations, body motions, and mooring loads in an irregular sea state.

Fig. 3: Comparison of exceedance probabilities for the actual and the predicted tensile forces of the
mooring lines in an irregular sea state.

4 Conclusion

The LSTM-based data-driven model demonstrates significant computational efficiency and effectively
models FPS dynamics in irregular sea states. However, its performance needs to be further assessed
across various sea states, particularly when the conditions differ from those in the training dataset. While
the model can predict low to moderate responses in different sea states, it struggles with large amplitude
motions due to the strongly nonlinear interactions between waves, structure, and mooring dynamics.
These extreme events are rare, providing limited data for training, which results in poor performance in
such cases. A more detailed analysis of the model’s ability to predict extreme events for moored floating
structures can be achieved through harmonic analysis, which will be addressed in future research. This
study highlights the potential of machine learning for marine applications, including real-time monitoring
and the development of digital twins for offshore structures, with opportunities for future improvements
in capturing extreme nonlinearities.
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1 Introduction

In naval and maritime engineering, Computational Fluid Dynamics (CFD) has been used for a long
time to study numerous different types of problems. The present paper focuses on the CFD approaches
used to model relative motion between different bodies and their application in studying turbine-turbine
interaction.

In the open literature, the three most common approaches used to model a rotating body are Actuator
Disk (AD), Moving Reference Frame (MRF), and Sliding Interfaces (SI) or overset grids (OG). The AD
model is the simplest and least computationally expensive. In this approach, the rotating body is replaced
by a body-force distribution, while in the remaining two approaches, the body geometry is modelled,
making them more computationally expensive. Improvements to the simple AD model can be achieved
by coupling the CFD solver with a potential flow code to obtain a better body force approximation. In the
MRF and SI approaches, the computational domain is divided into two parts: one around the static body
and another around the rotating body. For the MRF model, steady flow is considered in both domains,
with the equations in the rotating domain being solved in a moving reference frame formulation. The SI
and OG models are the most physically complete and computationally expensive approach. Calculations
are intrinsically unsteady, and the interaction between the bodies is modelled using a moving grid ap-
proach for the case of the SI method or overset grids in the OG approach. A large part of the research on
wind turbine-turbine interaction or the study of wind turbine wakes employs more advanced body-force
distribution methods, such as the generalised actuator disk, actuator line or actuator surface models, or
the coupling of CFD solvers with Blade Element Momentum or Lifting Line codes. Although a clear im-
provement on the standard AD model, these approaches require the knowledge of the turbine geometry
and detailed information on the airfoil, input data that is often not public available for industrial turbines.

The present study goal is to use ReFRESCO Reynolds Average Navier Stokes (RANS)/URANS
flow solver to compare the wake generated by modelling a wind turbine using the AD, MRF, and SI
approaches. The turbine selected for this study is the model-scale DTU 10MW tested during the UN-
AFLOW project. The experimental data publicly available from this wind tunnel campaign will be used
in this paper to validate the different models. Besides comparison with experimental data, the results will
also be compared with QBlade’s Lifting Line Free Vortex Wake (LLFVW) model generally used in wind
turbine farm layout optimization software.

2 Mathematical Models

The mathematical model used in the present work is the RANS equations, and the Reynolds stress tensor
is modelled using the k-ω SST 2003 turbulence closure model. In this study, three approaches are used
to model the effect of the turbine in the incoming flow. The simplest model used in this study is the
Actuator Disk (AD) model. In this approach, the turbine blades are replaced by an equivalent body-force
distribution, making this a straightforward model for the turbine. Although it cannot be used to capture
the flow characteristics near the AD, it is useful to study the downstream region due to its reduced com-
putational cost (Maciel et al., 2013; Koop et al., 2017). This approach does not need previous knowledge
of the propeller geometry but requires knowledge of the thrust and torque of the turbine. The remain-
ing two approaches require a detailed geometry characterization of the turbine, which makes them more
computationally expensive and difficult to implement in industrial projects, where this information is
proprietary to the turbine manufacturer. In the Moving Reference Frame (MRF) model, the RANS equa-
tions are solved in the moving reference frame but written in absolute reference frame quantities. In this
approach, the flow is considered steady, so all the time-history effects of the turbine flow are neglected.
It is cheaper than the more computationally intensive Sliding Interface (SI) but provides a good first
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approximation for the interaction phenomena (Maciel et al., 2013). In the SI model, no approximations
are made, resulting in unsteady calculations in the entire domain and a high computational cost. This
approach provides estimates of the turbine torque and thrust and predicts correct flow characteristics
downstream of the turbine (Maciel et al., 2013; Koop et al., 2017).

3 ReFRESCO Flow Solver

ReFRESCO discretizes the transport equations using a finite volume method with cell-centred collocated
variables. The use of meshes with arbitrary cell shapes, as well as hanging nodes, is possible by the use
of a face-based implementation. Mass conservation is ensured using a SIMPLE-type algorithm through a
pressure correction equation. At each non-linear iteration, a linear system of equations is obtained using
Picard’s method. The linearised Navier-Stokes equations are solved in a segregated way, i.e., the equa-
tions for velocity, pressure correction, and if required energy, turbulence model and air volume fraction
are solved in turn, and when solving for one of the variables, the others are considered known. Time
integration is performed through the first or second-order Backward Differentiation Formulas BDF1 and
BDF2. Mesh handling techniques such as moving, sliding, deforming and overset meshes are available,
as well as automatic mesh refinement and coarsening.

4 Test Case

The model-scale version of the DTU 10MW wind turbine used during the UNAFLOW campaign is used
in the present study. Fig. 1 illustrates the turbine CAD model (left image) and the computational domain
(right image), in these illustrations is possible to see that open flow conditions were used throughout
this study and that only the turbine blades and hub are modelled. These choices were made to reduce the
computational costs of the simulations. These simplifications don’t allow for a direct comparison with the
experimental results obtained by Fontanella et al. (2021). Nevertheless, the experimental results will be
used as a guideline, mainly for the values of thrust and torque obtained for the MRF and SI approaches.
Table 1 presents the turbine characteristics and operating conditions.

(a) (b)

Fig. 1: Wind turbine geometry (a) and domain dimensions showing the inner domain in light blue and
the outer domain in light grey (b).

Table 1: Wind Turbine Characteristics and Operating Conditions.

Diameter, D [m] 2.38
Density, ρ [kg/m3] 1.177
Viscosity, µ [Pa/s] 1.84×10-5

Inflow Velocity, U∞ [m/s] 4
Rotational Speed [RPM] - 240

Based on previous studies (Make and Vaz, 2015; Ye et al., 2022), the cylindrical computational
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domain has a length of 50D and a radius of 20D. Furthermore, the turbine was placed in the centre line
of the cylinder and at a distance of 10D from the inlet. An interior subdomain was added to use the SI
approach and was kept for all simulations to keep the same grid topology. This subdomain is, again,
cylindrical with a length of 5D and a radius of 1.2D.

5 Numerical Settings

The Total Variation Diminishing (TVD) Van Leer’s harmonic and first-order upwind schemes were used
in the momentum and turbulent quantities equations, respectively, to discretize the convective term, and
Gauss’s theorem was used in all equations to calculate the gradients. The coupling between the outer and
inner domains is done using Halo Cells, and the interpolation of quantities between the two domains’s
boundary cells is done using a third order accurate Least Square scheme. For the SI approach the second
order BDF2 time discretization scheme was used.

For the AD and MRF approaches, the simulations were stopped after 20000 thousand iterations, a
sufficient number of iterations to establish the turbine wake. For the unsteady SI approach, ten turbine
revolutions were performed for the coarsest grid and 14 for the remaining grids. In a previous study
conducted with the same turbine but modelling the wind tunnel, this number of rotations was sufficient to
remove the effect of the initial condition (uniform flow) (Sileo et al., 2023). In the present study, this was
not the case, and extra turbine rotations were performed for the finer grids. The time steps used range from
2.78×10-3s to 1.82×10-3, which correspond to turbine rotation ranging from 4◦ to 2.6◦ at each timestep. In
the AD approach, the torque and thrust of the turbine were considered to be the experimentally obtained
values. For all the simulations, the L2 norm of the normalised residuals decreased to 4×10-3 or lower.
Fig. 2 exemplifies the residual evolution for each approach.

(a) MRF (b) SI (c) AD

Fig. 2: Residuals at each iteration for the MRF (left plot), SI (middle plot) and AD (right plot).

Two sets of four grids were generated using Hexpress, the simulations for the MRF and SI approaches
use the same grids, but when using the AD approach different grids had to be generated without the
turbine blades, but keeping the same grid topology in the wake region. The total number of cells Ntotal,
the number of cell in the turbine surface Nsur f and the grid refinement ration ri = hi/h1 =

3√N1/Ni are
presented in Table 2. The grids topology are illustrated in Fig. 3.

Table 2: Grid Characteristics.

Grid
MRF and SI

Grid
AD

Ntotal Nsur f ri Ntotal ri

4 17.83M 0.82M 1.53 1 4.72M 1.71
3 34.32M 0.91M 1.23 2 9.62M 1.35
2 49.04M 1.58M 1.09 3 15.58M 1.15
1 63.79M 1.89M 1.00 4 23.49M 1.00
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(a) Mesh overview (b) Inner Domain (c) Turbine Surface

Fig. 3: Mesh for the MRF and SI approaches: overview (left figure), inner domain mesh (middle figure)
and surface mesh of the wind turbine (rigth figure).

6 Results

In the present paper, the result section focuses on the analysis of the wake for the different approaches,
analysing the wake qualitatively, using illustrations of the velocity field, and quantitatively, using veloc-
ity distributions along the wake (AW) and across the wake (CW). All numerical uncertainties will be
calculated using the procedure presented by Eça and Hoekstra (2014), and unless otherwise stated the
shown quantities are averaged using the tool made available by Lemaire and Klapwijk (2021).

Before analysing the wake, the grid convergence studies of the torque and thrust produced by the
turbine are shown in Fig. 4. Although there are significant differences between the numerical and exper-
imental set-ups, the differences between the experimental and numerical values of thrust and torque are
inferior to 6% and 13%. The purple line represents results obtained using the lower fidelity code QBlade,
which are in agreement with the results obtained using the RANS models.

(a) Thrust (b) Torque

Fig. 4: Grid convergence of the thrust (left plot) and torque (right plot) for the MRF and SI approaches.

Figs. 5 and 6 allow a qualitative comparison between the three models by presenting the normalized
velocity component along the x-axis field at the x/D=-2.36 and the z/D=0 planes. Two aspects are im-
portant to take notice of. The first is that the AD approach underpredicts the velocity magnitude, and
the second is that the SG approach presents a low-velocity region downstream of the turbine. This low-
velocity region is believed to be due to the initial condition of the simulation as this region is convected
with the flow. Figs. 5(d) and 6(d) also show the results obtained using QBlade, which agree well with the
higher fidelity models in the outer domain regions.

Fig. 7 presents a more quantitative analysis of the flow field in the wake by plotting the velocity
distributions along (AW) and across (CW) the wake at specific measurement locations, x/D=-2.30 for
the across wake and y/D=0.38 for the along wake distance. It is again clear that the AD approach under-
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(a) MRF (b) SG

(c) AD (d) QBlade

Fig. 5: Normalized velocity field at the downstream plane x/D=-2.30 for the difference tested approaches.

(a) MRF (b) SG

(c) AD (d) QBlade

Fig. 6: Normalized velocity field at the middle plane y/D=0 for the difference tested approaches.

predicts the wake recovering. The results obtained with the MRF and SI approaches are similar, with the
main differences appearing across the wake near the hub location. These differences can be explained
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by the inability of the MRF to capture the flow field’s unsteady behaviour. Again, it is possible to see
that QBlade’s LLFVW model is capable of predicting the wake velocity field, with the exception of the
locations near the hub, as in the present work, the hub was not modelled. Compared to the experimen-
tal measurements, the same conclusions as in previous studies, mainly the work of Sileo et al. (2023),
can be observed: The numerical models fail to capture the wake behaviour near the centre location and
overpredict the axial velocity level. Regarding the numerical uncertainties presented in the bottom row
of Fig. 7, it can be seen that the AD model presents, in general, higher uncertainty estimations and the
SI approach the lowest values. The estimated numerical uncertainties for the MRF and SI approaches
have similar behaviour for the CW measurements. They present maximum values near the centre and
the blade tip locations. Along the wake, the opposite happens, the numerical uncertainty of the the MRF
tends to increase with the distance to the turbine.

Velocity

Numerical Uncertainty

(a) CW velocity probe x/D=-2.36 (b) AW velocity probe y/D=0.38

Fig. 7: Velocity measurements (top row) and estimated numerical uncertainty (bottom row).

7 Conclusion

In the present paper, three approaches to model turbine-turbine interactions were studied. Based on the
presented results, it can be concluded that using an actuator disk approach results in an underprediction
of the velocity in the wake region. This simplified approach can possibly be improved by using more
complex axial and tangential force distributions than the simple volumetric distribution of the thrust
and torque used in this study. In future work, it would be interesting to compare these results with the
empirical approaches used in software to optimize wind farm layouts. Lastly, it is important to mention
the excellent agreement between QBlade’s results and the MRF and SI approaches, at a fraction of the
computational cost.
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1 Introduction

Ditching is the process of a planned and controlled emergency landing of an aircraft in the water. National
Transportation Safety Board (1998) classifies this as “a planned event in which a flight crew knowingly
makes a controlled emergency landing in water. (Excludes floatplane landings in normal water landing
areas.)”. In other words, aircrafts designed to land on the water, such as floatplanes and flying boats, are
not defined as ditching accidents. As ditching is in an emergency situation, it is not unusual to encounter
injuries and fatalities.

Generally, all helicopters must be designed to be compliant with the Certification Specification (CS)
of different authorities (e.g. European Union Aviation Safety Agency (EASA), Federal Aviation Admin-
istration (FAA), Civil Aviation Authority(CAA)). As a guide for a showing of compliance, the author-
ities have published the Means of Compliance (AMC) for Small Rotorcraft (European Union Aviation
Safety Agency, 2023) as a recommendation for helicopters in offshore operations. These rules define
requirements for helicopters to withstand impact loads during ditching and to remain dynamically stable
(floating stability) in irregular sea states.

As far as it is observed, there are limited studies on ditching considering fluid-structure interaction
(FSI). The published studies on ditching deal almost exclusively with airplanes or simple geometries.
Climent et al. (2017) and Viana et al. (2017) experimentally investigated the hydrodynamic loads during
ditching on flexible structures of an airplane. The authors proposed a simple approach to correct the
loads when simulating using the Finite Element Method (FEM) by using synthetic pressure-time curves
to generate the loads. Iafrati et al. (2019) discussed the importance of FSI, as well as the difficulty of
reproducibility of measured loads in ditching tests.

Previous numerical investigations on helicopter ditching have been carried out in earlier studies,
focusing on ditching dynamics (Katsuno et al., 2022, 2024) and flotation stability analysis (Katsuno
et al., 2023, 2025). The objective of this paper is to study the hydroelasticity effects of slamming during
helicopter ditching, with an emphasis on the physics of both the fluid and structural components of the
system, as well as their coupling. Observations are made regarding the maximum displacements that
occur during the slamming process.

2 Description of the condition

The studied geometry is based on a realistic representation of a helicopter, with realistic dimensions and
mass distribution. This geometry is composed of the helicopter fuselage, skid, and emergency flotation
system (EFS), composed of four floaters already activated and the gas cylinder. The mass configuration
of m = 3175 kg is such that it represents one of the heaviest conditions on the envelope of flight.

Figure 1 shows the main dimensions of the helicopter. Note that the center of gravity (CG) is not
aligned with the symmetry plane of the fuselage, being slightly to the right, because of the weight of the
cylinder used to fill the floaters.

3 Numerical Methods

3.1 CFD: Computational Fluid Mechanics
To simulate the helicopter ditching into the water using CFD, the overset mesh technique was used to
account for the helicopter’s motions. The associated numerical domain consisted of two regions: one
region represented the ocean and another region surrounded the helicopter’s geometry. An essential ad-
vantage of this method was that the region surrounding the helicopter can be moved relative to the domain
mesh with appropriate interpolations being carried out at each time step. This allowed simulating the six
degrees-of-freedom motions of the helicopter without the need to remesh the numerical domain.

Figure 2 shows the domain mesh, represented by a cube of 100 m-side length. Also shown is a
cross-section of the mesh with its refined region close to the water surface, where the helicopter impacts



Fig. 1: Perspective view of the test-case helicopter, indicating the floaters, cylinder, and skid (left); and
main dimensions of the studied helicopter

Fig. 2: CFD mesh overview of the domain region (left) and a cross-sectional view of the mesh (right)

occur.
Figure 3 shows the helicopter mesh region and, on the right-hand side, both the domain and the

helicopter mesh after the interpolation. Hexahedral mesh topology was employed in both regions. Also,
the elements were refined in the waterline region to more accurately represent the water-air interface; and
to cover the possible trajectories of the helicopter trajectory. As recommended by Siemens (2018), the
same element size was maintained to perform the overset interpolation. Numerical regions beyond the
helicopter’s motion accounted for overlaps of the helicopter’s mesh. Beyond the edge of the helicopter’s
mesh, its motions were interpolated between these two meshes.

Fig. 3: CFD mesh overview of the helicopter region and an example of the overset mesh after the inter-
polation process

Air and water are modeled as inviscid. As exemplified by several researchers, an inviscid fluid model
is suitable to estimate maximum impact pressures. For example, to reduce computational costs, Almallah
et al. (2021) relied on an inviscid approach to simulate the slamming of a full-scale high-speed catama-



ran in irregular head seas. They demonstrated that it is reasonable to approximate the CFD results by
verifying and validating them against model experiments. An implicit unsteady model was adopted, and
each equation was solved in a segregated manner. The Volume of Fluid (VOF) model represented the
phase mixture.

The simulated case employed a calm water model. The numerical treatment for velocity inlet bound-
ary conditions is that velocity is specified, while the pressure gradient is zero. This boundary condition
is applied to the top, bottom, left, right, and front surfaces of the domain region. For pressure outlet
boundary conditions, velocity gradients are zero, while the pressure is defined. This boundary condition
is applied in the back surface of the domain region. The wave model defines the volume of fractions
on the boundary conditions, as well as velocities and pressures. Numerical wave damping was at the
inlet and outlet boundary conditions to minimize the effect of wave reflection and to improve numerical
convergence. Wave damping was accounted for by adding a source term to the momentum equation,
which influenced the calm water surface based on the method of Choi and Yoon (2009). A two-way cou-
pled interaction between the body and the fluid flow was simulated. The body motions were numerically
computed by considering hydrodynamic, inertial, and gravitational effects.

3.2 CSM: Computational Structural Mechanics
The Computational Structural Mechanics (CSM) part of this study focuses on the deformation of the skid
and the floaters (which are attached to the skid). The elements used in the mesh are tetrahedral, forming
a volumetric mesh. The fuselage is assumed to be rigid for this study, therefore not being meshed.

A top and frontal view of the mesh used for Finite Element Method (FEM) calculations is provided
in Fig. 4. Volumetric elements are also employed to represent the hollow of the tube on the skid part. The
skid is a tubular structure with a thickness of 3 mm and a radius of 45 mm. The aim is to have at least
two elements in the thickness direction. The elements on the skid and the junction with the floater part
are illustrated in Fig. 5.

Fig. 4: CSM mesh overview of the skid and the floaters: top view (left); and front view (right)

Different material properties are assigned to the floater and skid. However, the accuracy of the prop-
erties is primarily given to the skid, which is the main focus of this study: it is assumed to be made of
aeronautical aluminum 7075.

Fig. 5: Cross-section view of the CSM mesh details on the skid tube



3.3 FSI: Fluid-Structure Interaction
The simulations are coupled using a two-way implicit coupling algorithm. The loads generated by the
pressure distribution in the fluid flow are applied as input forces for the structural analysis. The resulting
deformation of the solid, in turn, iteratively modifies the geometry of the fluid flow.

Three main physical phenomena are considered: fluid flow, structural mechanics, and body motion.
At each time step, the solution to the body motion equation determines the movement of the helicopter,
displacing the domain region surrounding it. The new mesh position is interpolated using the overset
mesh approach. The pressure field from the fluid flow solver is then mapped to compute the forces acting
on each node in the solid stress solver. Based on the deformation results from the solid stress solver,
the helicopter mesh is morphed, altering the geometry of the fluid flow. Through the two-way coupling
approach, this process runs iteratively until the convergence criteria are met.

The coupling is performed using the STAR-CCM+ software. In this software, fluid flow is solved
using the cell-centered finite volume method, while structural mechanics are handled using the finite
element method.

4 Results

According to the CS AMC 27.563: structural ditching provisions (European Union Aviation Safety
Agency, 2023), the specified vertical velocity is 1.5 m/s and a horizontal velocity of 30 kt. These are
also the velocities adopted by the simulation of the helicopter before touching the water.

As a proof of concept, this initial study focuses on fictional materials, which are considerably softer
than aeronautical aluminum 7075: the Young’s modulus is set to 1.2 × 108 Pa. This approach is taken to
induce and observe significant deformation, check the morphing of the CFD mesh, and test the limits of
the model.

Figure 6 allows for the observation of the interpolation between meshes using the overset approach
on the first time frame, t = 0.01 s. At this time, on the extreme left, it shows the domain mesh in light gray,
and an intermediate zone. Figure 7 presents the front view of the helicopter. Notable is the deformation
of the skid, opening and spreading to the outside. As a consequence, the back floaters are displaced to a
position below.

Fig. 6: Lateral view of helicopter ditching, considering the hydroelasticity of the skid and floaters

On the lateral view, it is noticeable that the stepping part of the skid (the top horizontal tube) suffers
severe deformation. To further observe the deformation, Fig. 8 displays the CFD mesh being deformed,
as a coupled result of the output from the CSM part. The original skid is also shown in black for reference.
It is observable that the elements between the two horizontal bars mesh are squeezed due to the morphing
process. Some empty zones appear in the middle of each frame because of the translation of the frontal
floater. This figure shows a slicing on the CFD mesh. As the mesh gets morphed, the frontal floater enters
inside the slicing plane, resulting in this empty zone (it is important to note that there are only elements
inside the floaters for the CSM mesh, not the CFD).



Fig. 7: Frontal view of helicopter ditching, considering the hydroelasticity of the skid and floaters

Fig. 8: View of the skid during the helicopter ditching, colorized based on the displacement (units in
meters) and the undeformed skid (in black) as reference

5 Conclusions

This study examines the hydroelasticity effects of helicopter ditching, with a focus on fluid-structure
interaction (FSI) during the slamming process. A realistic representation of the helicopter’s dimensions
and shape, along with an emergency flotation system, is employed. A two-way implicit coupling algo-
rithm is used to simulate the interaction between computational fluid dynamics (CFD) and computational
structural mechanics (CSM), with particular emphasis on FSI. The results demonstrate that the proposed
methodology effectively simulates the hydroelasticity effects during helicopter ditching, providing in-
sights into maximum displacements and pressure distribution during slamming. Although the study uses
fictional material properties, the current findings serve as a proof-of-concept to test the limits of the
proposed numerical method. Future work will incorporate the actual properties of Aluminum 7075 and
include a comparison of slamming behavior in a rigid body, as well as validation of the numerical model
with experimental results. Additionally, future work will investigate the effects of plastic deformation.
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