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Abstract
This paper presents a  Coupled Sliding Mesh (CSM) propulsion model for high-fidelity ship hydrodynamics simulations 
implemented within OpenFOAM. The model integrates rigid body motion with propeller rotation using Arbitrary Mesh 
Interface and morphing mesh approach. The model is validated against experimental data from self-propulsion tests 
on the Duisburg Test Case hull model at SINTEF, Norway, including calm water and three regular head wave cases. 
Grid comparative assessment demonstrated accurate capture of the self-propulsion point, with resistance deviating less 
than 1% from propeller thrust. Frequency domain analysis revealed successful capture of characteristic frequencies: 
wave encounter frequency, first shaft harmonic, and blade passing frequency. This study demonstrates that high-fidelity 
propulsion assessments can be achieved using open-source CFD tools for complex propeller-hull interaction problems.
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1.	 Introduction
Computer power and numerical tools for ship hydrody-
namics have developed rapidly in recent years. As a result, 
evaluating ship propulsion performance has shifted from 
traditional experimental testing toward computational 
approaches. Towing tanks, however, remain an indispen-
sable asset that complements these computational tools. 
Among the available numerical methods, Computational 
Fluid Dynamics (CFD) based on Reynolds-averaging has 
become the dominant approach for solving a wide range 
of problems in ship hydrodynamics.

This paper addresses the modeling of propeller effects us-
ing a high-fidelity approach within the OpenFOAM toolbox 
[1]. OpenFOAM is an open-source CFD software based on 
a second-order collocated Finite Volume (FV) method. It 
has gained wide acceptance in research and academia due 
to its flexibility, allowing for extensive customization and 
user-developed improvements. Regarding the specific CFD 
modelling of the propeller effects, it is necessary to outline 
the most common methods used. The most straightforward 
approach represents propeller thrust and torque through 
virtual forces, eliminating the need to explicitly model the 
propeller geometry. These techniques fall under body force 
methods, alternatively referred to as actuator disk or virtual 
disk approaches. The core principle involves distributing 
forces within the propeller zone in a manner that remains 
consistent across different propeller designs. This consist-
ency in force distribution was first examined nearly a cen-
tury ago and given in [2], where findings continue to serve 
to this day for the body force group of methods.

The application of such propeller model has been success-
fully validated across many codes [3,4,5]. Since the main 
aim of this paper lies in a fully discretized propeller model 
in contrast to simplified body force method, an extensive 

review of the body force methods application is omitted. 
The most notable disadvantage of the body force meth-
ods is their inability to capture local flow features both 
upstream and downstream of the propeller plane. This is 
however compensated with high computational efficien-
cy. A second group of methods for modelling propeller 
effects is based on a complete representation of propel-
ler geometry with direct modelling of the rotation. Within 
the FV framework, propeller rotation can be modelled us-
ing overset technology [6,7] or via Arbitrary Mesh Inter-
face (AMI) [8]. Also, a Moving Reference Frame (MRF) 
method is often applied in order to initialize the solution 
of the flow around the propeller [9,10].

In this paper, a novel numerical propulsion model is out-
lined that has been implemented in OpenFOAM code. 
The model is based on coupling motions between rigid 
body motion of the hull and a priori known rotating mo-
tion of the propeller, while using the advantages of both 
AMI interface and morphing mesh approach. The model 
is tagged with an acronym Coupled Sliding Mesh (CSM). 
Brief outline of the mathematical model of fluid flow is 
given in Section 2. In Section 3, experimental data with 
corresponding setup on the DTC hull model, originating 
from SINTEF, Norway is given. This is followed with a 
more detailed description of the CSM numerical propul-
sion model in Section 4. In Section 5, results of the self-
propulsion tests in calm water and waves with propeller 
being modelled using CSM approach is given with a focus 
on the torque frequency content.  While the CSM model 
and time-averaged self-propulsion results for the DTC 
hull have been previously reported by the authors [14], 
the present work extends that study through a systematic 
frequency-domain analysis of the propeller torque signal, 
identifying shaft harmonics and blade passing frequency 
components under calm water and regular head wave con-
ditions. Lastly, conclusions and future work are outlined.

Original scientific paper
Received: January 26, 2026
Accepted: April 27, 2026
https://doi.org/10.65776/ep.20.4.3

 
This work is licensed under a  

Creative Commons Attribution 3.0 Unported License. 



Vol. 20(4) 2025 21

2.	 Mathematical model of fluid flow
In this Section, a mathematical model of fluid flow is giv-
en. Fluid flow is governed by Navier-Stokes (NS) equa-
tions for incompressible flows, the continuity equation (1) 
and momentum equation (2):
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methods used. The most straightforward approach 
represents propeller thrust and torque through virtual 
forces, eliminating the need to explicitly model the 
propeller geometry. These techniques fall under body 
force methods, alternatively referred to as actuator disk or 
virtual disk approaches. The core principle involves 
distributing forces within the propeller zone in a manner 
that remains consistent across different propeller designs. 
This consistency in force distribution was first examined 
nearly a century ago and given in [2], where findings 
continue to serve to this day for the body force group of 
methods. 

The application of such propeller model has been 
successfully validated across many codes [3,4,5]. Since 
the main aim of this paper lies in a fully discretized 
propeller model in contrast to simplified body force 
method, an extensive review of the body force methods 
application is omitted. The most notable disadvantage of 
the body force methods is their inability to capture local 
flow features both upstream and downstream of the 
propeller plane. This is however compensated with high 

computational efficiency. A second group of methods for 
modelling propeller effects is based on a complete 
representation of propeller geometry with direct modelling 
of the rotation. Within the FV framework, propeller 
rotation can be modelled using overset technology [6,7] or 
via Arbitrary Mesh Interface (AMI) [8]. Also, a Moving 
Reference Frame (MRF) method is often applied in order 
to initialize the solution of the flow around the propeller 
[9,10]. 

In this paper, a novel numerical propulsion model is 
outlined that has been implemented in OpenFOAM code. 
The model is based on coupling motions between rigid 
body motion of the hull and a priori known rotating motion 
of the propeller, while using the advantages of both AMI 
interface and morphing mesh approach. The model is 
tagged with an acronym Coupled Sliding Mesh (CSM). 
Brief outline of the mathematical model of fluid flow is 
given in Section 2. In Section 3, experimental data with 
corresponding setup on the DTC hull model, originating 
from SINTEF, Norway is given. This is followed with a 
more detailed description of the CSM numerical 
propulsion model in Section 4. In Section 5, results of the 
self-propulsion tests in calm water and waves with 
propeller being modelled using CSM approach is given 
with a focus on the torque frequency content.  While the 
CSM model and time-averaged self-propulsion results for 
the DTC hull have been previously reported by the authors 
[14], the present work extends that study through a 
systematic frequency-domain analysis of the propeller 
torque signal, identifying shaft harmonics and blade 
passing frequency components under calm water and 
regular head wave conditions. Lastly, conclusions and 
future work are outlined. 
2. Mathematical model of fluid flow 

In this Section, a mathematical model of fluid flow is 
given. Fluid flow is governed by Navier-Stokes (NS) 
equations for incompressible flows, the continuity equation 
(1) and momentum equation (2): 

∇ ∙ 𝐮𝐮𝐮𝐮 = 0              (1) 

 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

+ (𝐮𝐮𝐮𝐮 𝐮𝐮 )𝐮𝐮𝐮𝐮 𝐮 𝐮𝐮𝐮𝐮𝐮2𝐮𝐮𝐮𝐮 = − 1
𝜌𝜌𝜌𝜌
∇𝑝𝑝𝑝𝑝 + 𝐠𝐠𝐠𝐠           (2) 

(1)
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2. Mathematical model of fluid flow 

In this Section, a mathematical model of fluid flow is 
given. Fluid flow is governed by Navier-Stokes (NS) 
equations for incompressible flows, the continuity equation 
(1) and momentum equation (2): 

∇ ∙ 𝐮𝐮𝐮𝐮 = 0              (1) 

 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕
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where u represents the local fluid velocity. The left-hand 
side of the Navier-Stokes equation comprises three com-
ponents: The total derivative representing temporal veloc-
ity changes, the convective transport term, and the viscous 
diffusion term. The term denotes the pressure gradient, g 
represents gravitational acceleration, and indicates the 
effective kinematic viscosity. To solve these governing 
equations, a multi-phase solver is employed, designed for 
two incompressible, isothermal, immiscible fluid phases 
(water and air). The air-water interface is captured using 
the Volume of Fluid (VOF) methodology, which introduc-
es an indicator function α into the governing equations. 
This scalar field α modifies the Navier-Stokes equations 
by affecting the density ρ and effective kinematic viscos-
ity, as shown in equations (3) and (4), respectively.
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For accurate interface capturing, isoAdvector scheme is 
used [11]. The temporal discretization employs a first-
order temporal scheme for calm water simulations while 
a second-order accurate backward scheme is set for 
transient simulations in waves. Convective fluxes are 
discretized using a linear scheme that transitions to an 
upwind-biased approach in regions with strong 
gradients, following the local flow direction. Diffusive 
gradient terms utilize Gaussian linear interpolation for 
their discretization. The pressure-velocity coupling is 
handled through the PIMPLE algorithm, configured with 
four iterations per time step: two dedicated to pressure 
residual reduction and two for the momentum equation 
solution.  
 
Hydrodynamic coupling between the rigid body motion 
of the ship  and the surrounding fluid is achieved using a 
six-degree-of-freedom solver, with constraints applied to 
the surge, sway, yaw, and roll motions. Mathematical 
closure of the Navier-Stokes equations, i.e., resolving 
turbulent fluxes, within the Reynolds-averaging concept 
is achieved using k-ω SST model. Regarding linear 
solvers, for solving large sparse matrices that are yielded 
from a FV mesh, a conjugate gradient (CG) method is 
chosen with a Cholesky preconditioner. Residual 
tolerance is set to 1−6. Velocity components and 
turbulence terms are solved using a smooth solver, i.e., 
Gauss–Seidel smoother with a residual tolerance of 1−8. 
With depiction of linear solvers this Section is 
concluded. Next Section outlines experimental data on 
the Duisburg Test Case (DTC) hull model in both calm 
water and regular head waves. 
3. Experimental data 

In this Section, experimental data using the DTC hull 
model, originally developed in [12] is presented. A 
comprehensive series of model tests was conducted at 
SINTEF in Trondheim, Norway, one of Europe's largest 
independent research institutions. Complete 
experimental procedures are documented in [13,14]. 
Rigid body motion tracking is performed using an Oqus 
optical positioning system, while propeller thrust and 
torque are recorded via a dynamometer. The reflective 
markers required for optical tracking, along with the 
umbilical cable supplying power and enabling data 

transmission, are visible in Figure 1. 
 

 
Fig. 1. DTC model. Reprinted with permission of the 

author [13,14] 
 
 Constructed at 1:63.65 scale, the model features a five-
bladed fixed-pitch propeller and a twisted rudder equipped 
with a costa bulb. Rather than being towed, the ship 
operates in free-running mode, employing an autopilot 
system. Main particulars along with inertial characteristics 
of the model are shown in Table 1. 

Main Parameter Value 
Scale, λ 63.65 

Length between perpendiculars PPL , m 5.577 
Breadth B, m 0.801 
Draught T, m 0.228 

Displacement, ∆, kg 672.6 
Pitch moment of inertia, I55 kgm2 1266.3 
Long. center of gravity, LCG, m 2.721 

Table 1. DTC main parameters. 

Self-propulsion test in calm water is performed at a propeller 
revolution rate of 11.5 rps with achieved speed of 1.03 m/s. 
Experiments in waves are performed at the same propeller 
revolution rate, under wave conditions listed in Table 2. 

Wave case 1st 2nd 3rd 

Wave height, H, m 0.06 0.087 0.119 

Wave period, T, s 0.82 1.24 1.49 

H/LPP, - 0.011 0.0157 0.02 

λe/LPP, - 0.187 0.303 0.46 

Table 2. Experimental conditions of self-propulsion tests 
in waves 

Next Section deals with a numerical model developed 
within OpenFOAM framework with its main intention of 
enabling high-fidelity propulsion assessments. 
4. Coupled Sliding Mesh (CSM) model 

This Section describes the coupled sliding mesh model for 
hydrodynamic simulations utilizing both rigid body 
motions with propeller rotation. The new functionality is 
implemented in the existing OpenFOAM class that 
computes fluid-induced rigid body responses in CFD 
simulations. The main novelty in the CSM model is the 
coupled propeller rotation with rigid body motion, 
utilizing the usage of both AMI and morphing mesh. The 
main motivation for this numerical model is to avoid using 
overset mesh methodology which is based on volumetric 
interpolations of fields, opposing to the face-based 

(3)
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enabling high-fidelity propulsion assessments. 
4. Coupled Sliding Mesh (CSM) model 

This Section describes the coupled sliding mesh model for 
hydrodynamic simulations utilizing both rigid body 
motions with propeller rotation. The new functionality is 
implemented in the existing OpenFOAM class that 
computes fluid-induced rigid body responses in CFD 
simulations. The main novelty in the CSM model is the 
coupled propeller rotation with rigid body motion, 
utilizing the usage of both AMI and morphing mesh. The 
main motivation for this numerical model is to avoid using 
overset mesh methodology which is based on volumetric 
interpolations of fields, opposing to the face-based 

(4)

For accurate interface capturing, isoAdvector scheme is 
used [11]. The temporal discretization employs a first-or-
der temporal scheme for calm water simulations while a 
second-order accurate backward scheme is set for transient 
simulations in waves. Convective fluxes are discretized 
using a linear scheme that transitions to an upwind-biased 
approach in regions with strong gradients, following 
the local flow direction. Diffusive gradient terms utilize 
Gaussian linear interpolation for their discretization. The 
pressure-velocity coupling is handled through the PIM-
PLE algorithm, configured with four iterations per time 
step: two dedicated to pressure residual reduction and two 
for the momentum equation solution. 

Hydrodynamic coupling between the rigid body motion 
of the ship  and the surrounding fluid is achieved using 
a six-degree-of-freedom solver, with constraints applied 
to the surge, sway, yaw, and roll motions. Mathematical 
closure of the Navier-Stokes equations, i.e., resolving tur-
bulent fluxes, within the Reynolds-averaging concept is 
achieved using k-ω SST model. Regarding linear solvers, 
for solving large sparse matrices that are yielded from a 
FV mesh, a conjugate gradient (CG) method is chosen 
with a Cholesky preconditioner. Residual tolerance is 

set to 1−6. Velocity components and turbulence terms are 
solved using a smooth solver, i.e., Gauss–Seidel smoother 
with a residual tolerance of 1−8. With depiction of linear 
solvers this Section is concluded. Next Section outlines 
experimental data on the Duisburg Test Case (DTC) hull 
model in both calm water and regular head waves.

3.	 Experimental data
In this Section, experimental data using the DTC hull 
model, originally developed in [12] is presented. A com-
prehensive series of model tests was conducted at SIN-
TEF in Trondheim, Norway, one of Europe’s largest in-
dependent research institutions. Complete experimental 
procedures are documented in [13,14]. Rigid body motion 
tracking is performed using an Oqus optical positioning 
system, while propeller thrust and torque are recorded via 
a dynamometer. The reflective markers required for optical 
tracking, along with the umbilical cable supplying power 
and enabling data transmission, are visible in Figure 1.

Fig. 1. DTC model. Reprinted with permission  
of the author [13,14]

Constructed at 1:63.65 scale, the model features a five-
bladed fixed-pitch propeller and a twisted rudder equipped 
with a costa bulb. Rather than being towed, the ship oper-
ates in free-running mode, employing an autopilot sys-
tem. Main particulars along with inertial characteristics of 
the model are shown in Table 1.

Main Parameter Value
Scale, λ 63.65

Length between perpendiculars        , m 5.577
Breadth B, m 0.801
Draught T, m 0.228

Displacement, Δ, kg 672.6
Pitch moment of inertia, I55 kgm2 1266.3
Long. center of gravity, LCG, m 2.721

Table 1. DTC main parameters.

Self-propulsion test in calm water is performed at a propeller 
revolution rate of 11.5 rps with achieved speed of 1.03 m/s. 
Experiments in waves are performed at the same propeller 
revolution rate, under wave conditions listed in Table 2.

PPL
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Wave case 1st 2nd 3rd

Wave height, H, m 0.06 0.087 0.119
Wave period, T, s 0.82 1.24 1.49

H/LPP, - 0.011 0.0157 0.02
λe/LPP, - 0.187 0.303 0.46

Table 2. Experimental conditions of self-propulsion  
tests in waves

Next Section deals with a numerical model developed 
within OpenFOAM framework with its main intention of 
enabling high-fidelity propulsion assessments.

4.	 Coupled Sliding Mesh (CSM) model
This Section describes the coupled sliding mesh model 
for hydrodynamic simulations utilizing both rigid body 
motions with propeller rotation. The new functionality is 
implemented in the existing OpenFOAM class that com-
putes fluid-induced rigid body responses in CFD simula-
tions. The main novelty in the CSM model is the coupled 
propeller rotation with rigid body motion, utilizing the 
usage of both AMI and morphing mesh. The main moti-
vation for this numerical model is to avoid using overset 
mesh methodology which is based on volumetric inter-
polations of fields, opposing to the face-based interpola-
tions that sliding mesh offers. A discretized propeller in 
the stern of the DTC model is shown in Figure 2.

Fig. 2. Typical mesh topology for CSM model

Volumetric interpolations, as indicated in [15], are highly 
sensitive to the chosen interpolation procedure. Low-or-
der interpolation scheme seem to cause mass imbalances 
within the domain which can have profound effects on 
the accuracy and validity of the simulations. High-order 
schemes perform slightly better, producing smoother 
fields, but are still prone to errors. Also, using overset 
mesh will inherently require significantly higher cell 
count. The usage of overset methodology is in some sense 
required when the geometries are complex and AMI in-
terfaces are difficult to obtain. The main limitation of the 
model is that it does not overcome the well-known com-
putational requirements necessary for any fully-resolving 
rotating geometries in CFD where the time step is dic-
tated by the angle increment of the propeller within one 

iteration. This increment is usually of the order of 1°-5°, 
depending on the propeller rate of revolution. The com-
putational workflow of the algorithm is given in Figure 3.

Fig. 3. Computational workflow of the CSM class

For the detailed description of the computational work-
flow and modifications to the existing OpenFOAM class-
es the interested reader is referred to [16].

5.	 Results and discussion
The results presented in this Section are partly given in 
author’s previous work, presented in [17]. However, in 
this study, frequency content of the torque signal exhib-
ited from the CSM model are explored further. In order to 
quantify the discretization errors, self-propulsion test in 
calm water is conducted on two grid sizes. The traditional 
grid sensitivity study is omitted due to high computational 
load of the simulations. In Figure 4, discretized stern re-
gion of the DTC hull along with the entire computational 
domain shown in Figure 5. The computational domain 
extends 1 ship lengths upstream, 3 lengths downstream, 
and 1 lengths in the transverse and vertical directions. The 
time-step size is set to 1 ms, corresponding to a propeller 
rotation increment of approximately 4° per time step. The 
inlet and oultet boundary conditions account for active 
wave generation [18]. For the frequency domain analysis, 
a DFT is applied over a window that corresponds to the 
wave encounter period using Hann window function.

Fig. 4. Stern region of the DTC hull
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Fig. 5. Computational domain in transverse view

The results of the self-propulsion test in calm water, con-
ducted on two grid sizes is given in Table 3. The coarse 
grid contains approximately 5.6 million cells and the fine 
grid 9.8 million cells. The refinement is applied uniformly 
with an approximate ratio of . The boundary layer is dis-
cretized in order to yield a non-dimensional distance com-
monly known as y+ around 30 for the flow around the 
hull while more stringent discretization is placed upon the 
propeller blades in order to achieve a value of 5.

Experiment Coarse 
grid

Fine 
grid

Thrust, T, N 14.126 14.965 14.321
Torque, Q, Nm 0.323 0.327 0.311

Table 3. Results of the self-propulsion test

It is important to emphasize that the self-propulsion point 
is correctly captured. The total resistance in both coarse 
and fine grid deviated no more than 1% compared to the 
propeller thrust. The swirling flow exhibited from the pro-
peller motion, with colour scale showing the dimension-
less flow speed is given in Figure 6

Fig. 6. Flow structures behind propeller

The comprehensive results of the self-propulsion in 
waves along with propeller-hull interactions are given in 
[19]. Instead, the focus of showcasing the results of self-
propulsion tests is the frequency content that is embedded 
in torque signals of the propeller. The frequency content 
observed in the time domain signal of the propeller torque 
can be directly related to the propeller rotational charac-
teristics [19,20]. For a propeller with N blades rotating at 
frot , the Blade Passing Frequency can be formulated as:

In the present case of the DTC hull operating with a five-
bladed propeller at a frequency of 11.5 rps (Hz), the re-
sulting BPF occurs at 57.5 Hz. In addition, shaft harmon-
ics occur at integer multiples of the rotation frequency frot, 
formulated simply as:

Shaft harmonics are associated with non-uniform inflow 
and unsteady loading of the propeller in behind-hull con-
ditions. The frequency content of the torque signal com-
puted by CFD and experiment, across all three wave cases 
are given in Figures. 7., 8., and 9. respectively. The con-
version from time to frequency domain has been done us-
ing Discrete Fourier Transform (DFT) method.

Fig. 7. Frequency content of the torque signal  
for the 1st wave case

Fig. 8. Frequency content of the torque signal  
for the 2nd wave case

Fig. 9. Frequency content of the torque signal  
for the 3rd wave case
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The frequency domain analysis of the propeller torque 
provides additional insight into the unsteady loading 
mechanisms acting on the propeller in waves, which can-
not be fully assessed from time-averaged quantities alone. 
For all three wave cases, the dominant low-frequency 
peak corresponds to the wave encounter frequency, in-
dicating that the propeller loading is strongly modulated 
by the incoming wave system. Across all cases, distinct 
peaks are observed at the first and second shaft harmonics, 
as well as at the blade-passing frequency. However, 2nd 
shaft harmonic is consistently captured in the experiment 
while only a slight peak from the CFD results is observed 
for case 2, Figure 7. This might be attributed to numeri-
cal noise or general polyhedral mesh discretization. The 
Blade Passing Frequency at 57.5 Hz occurs consistently in 
CFD computations for every case while it is not captured 
by the dynamometer in the experiments. Higher harmon-
ics of the blade passing frequency were not captured both 
in CFD and experiments. While the dominant frequency 
peaks are correctly identified by the CFD model, ampli-
tude discrepancies at higher frequencies, particularly be-
yond the first shaft harmonic are attributed to the current 
grid resolution and are considered acceptable given the 
simplified grid sensitivity that is performed.

These frequency components show that the CFD model 
captures both the large-scale unsteadiness from ship mo-
tion and wake non-uniformity, along with the high-fre-
quency local blade loading effects. The CFD and experi-
mental results agree well in identifying these characteristic 
frequencies, indicating that the main physical mechanisms 
are correctly represented. However, amplitude differences 
appear, particularly at higher frequencies. It is important 
to emphasize that the spatial discretization of the propeller 
blades has a significant impact on the exerted forces. In 
this study, an open-source tool snappyHexMesh is used, 
that is based on designing robust body-fitted polyhedral 
mesh around arbitrary geometries. For discretizing the 
propeller, strictly polyhedral cell type is not an ideal dis-
cretization approach, since it can produce artificially rough 
surface due to its polyhedral algorithm. The consequence 
of having polyhedral cells around the propeller blade can 
result in additional numerical noise due to summation of 
forces on cells that can exhibit significantly different face 
normals [21]. The advantages of block-structured mesh in 
reducing such numerical artifacts have been well docu-
mented [22], though their generation for complex propel-
ler geometries remains a challenge. Nevertheless, in this 
work it is shown that even with open-source tools, a high-
fidelity result can be yielded in complex propulsion assess-
ment in ship hydrodynamics.

6.	 Conclusions
This paper presented a novel Coupled Sliding Mesh 
(CSM) propulsion model implemented within the Open-
FOAM framework for high-fidelity ship hydrodynamics 
simulations. The model couples rigid body motion of the 
hull with propeller rotation using Arbitrary Mesh Inter-
face (AMI) technology and morphing mesh approach, 
avoiding the volumetric interpolations inherent to overset 
methodologies that can introduce mass imbalances and 

require higher cell counts. The CSM model was validated 
against experimental data from self-propulsion tests on the 
DTC hull model conducted at SINTEF, Norway, covering 
both calm water and three regular wave cases. Grid com-
parative analysis on two mesh resolutions demonstrated 
that the self-propulsion point was correctly captured, with 
total resistance deviating no more than 1% from propeller 
thrust in both coarse and fine grids.

Frequency domain analysis of propeller torque signals 
revealed that the CSM model successfully captures the 
characteristic frequencies associated with propeller-hull 
interactions. For all wave cases, the dominant low-fre-
quency peak corresponding to the wave encounter fre-
quency was observed, indicating strong modulation of 
propeller loading by the wave system. The first shaft har-
monic and blade passing frequency at 57.5 Hz were con-
sistently captured in CFD results, demonstrating that the 
model correctly represents both large-scale unsteadiness 
from ship motion and high-frequency local blade loading 
effects. However, the second shaft harmonic and higher 
harmonics of the blade passing frequency showed weaker 
agreement with experiments, likely attributed to numeri-
cal noise, DFT parameters, and limitations of the poly-
hedral mesh discretization around propeller blades using 
snappyHexMesh. Despite these limitations, the study 
demonstrates that high-fidelity propulsion assessments in 
ship hydrodynamics can be achieved using open-source 
tools and the CSM approach, providing a viable alterna-
tive to overset methodologies for complex propeller-hull 
interaction problems.
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