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a b s t r a c t

This paper investigates the effect of different flow models on the Pre-Swirl-Stator structural response
from the perspective of a non-existing unified design procedure. Due to viscous effects near the propeller
plane, the hydrodynamic solution is calculated by Computational Fluid Dynamics (CFD). Three different
models are analysed: without the propeller, with the actuator disk and with the propeller. The main
intention of this paper is to clarify the effects of the propeller model on the structural stresses in calm-
water and waves which include the ship motion. CFD simulations are performed by means of OpenFOAM,
while the structural response is calculated by means of the Finite Element Method (FEM) solver NAS-
TRAN. Calm-water results have shown the inclusion of the propeller necessary from the design
perspective, while the wave simulations have shown negligible propeller influence on the resulting
stresses arising from the ship motions.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Tightened rules and regulations for large merchant ships
through the imposed requirements on greenhouse gas emissions
and ship efficiency are continuously influencing the modern ship
design. In these circumstances, hydrodynamic developments have
significantly increased in the last decade paired with the huge
improvement in computational power accessibility and cost.

Modern approach in ship efficiency improvements is by fitting
the so-called Energy Saving Devices (ESDs). ESDs are closely con-
nected with the flow around the propeller in order to improve the
overall efficiency of the ship. Such devices can differ in the shape
and location on the hull, but their main goal is to reduce the
rotational and axial energy losses produced by the propeller.
Standard classification of ESDs is by their longitudinal position on
the ship stern with respect to the propeller plane on (Carlton,
2012): zone I (near the propeller inflow), zone II (at the propeller
plane) and zone III (in the propeller slipstream), Fig. 1.

Current research trend in the field of ESDs is mostly focused on
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their hydrodynamic performance with the main goal of reducing
the delivered power to the propeller. When estimating the benefits
of any ESD type, either an experimental or a numerical approach is
necessary for hydrodynamic evaluation. Regarding the experi-
mental approach, a well-known Reynolds number inequality is
especially pronounced in the case of ESDs since the majority of the
analysis is focused on the ship wake which largely differs in model
and full-scale (Dang et al., 2012). On the other hand, numerical
approach works at equally accurate level regardless of the ship
scale with the validation of numerical results and the experimental
data necessary, especially for new and non-standard designs
(Nowruzi and Najafi, 2019; Paik et al., 2015). In order to simulate the
flow near the ESDs, Computational Fluid Dynamics (CFD) is regu-
larly used since both viscosity and turbulence have an important
role in forming the wake field near the propeller plane. Substantial
research output is found within this field featuring propeller inflow
devices such as Pre-Swirl Stator (PSS) (Park et al., 2015), duct type
ESD (Shin et al., 2013) or their combination (Kim et al., 2015), de-
vices recovering the energy from propeller slipstream (Shin et al.,
2018; Kim et al., 2014), non-standard propeller designs (Min
et al., 2009) or boss cap improvements (Lim et al., 2014).

In most of the above mentioned works, the focus is placed upon
the thrust efficiency, estimation of fuel reduction or gas emissions
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Fig. 1. ESD classification by position with respect to the propeller (Carlton, 2012).
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and other performance issues. Although such subjects are of great
importance in the design of ESDs, from practical use, they give no
insight into the structural integrity of ESDs which are known to
suffer from structural problems due to non-standard dynamic loads
in a relatively complex flow field influenced by the global ship
motion, propeller rotation and wake field. Currently, due to the
mentioned complexities related to PSS hydrodynamic loads, a
unified approach to its design is not defined in a straightforward
manner. Usually, for any type of floating object and its appendices,
the classification rules provide a set of guidelines guaranteeing the
structural integrity, but in the case of PSS such procedure is not
existing. Bearing in mind the PSS slender geometry subjected to
various sea conditions and probable issues with the vaguely
investigated structure, the topic has become relevant to both the
industry and researchers. The Joint Research Project GRIP (Prins
et al., 2016) evaluated PSS natural frequencies and compared
them with the propeller blade frequencies while approximately
calculating the Vortex Induced Vibrations (VIV). Extending the
procedure, Paboeuf and Cassez (2017) developed amethodology for
the estimation of PSS loads from the shipmotion inwaves. Different
approach with respect to ship motions is proposed by Lee et al.
(2016) and extended by Ju et al. (2018) featuring neural networks
and regression formulas. Unfortunately, all proposed methodolo-
gies neglect the rotational effects from the propeller blades on the
flow field near the PSS and more importantly, do not consider the
propeller suction effect which can drastically change the pressure
distribution on the duct type of ESD (see Bakica et al., 2020b). In
order to consider the upstream influence of the propeller, multiple
options are possible for the hydrodynamic model in the CFD
simulation. Simplest propeller model would be the idealized disk
approach (Bakica et al., 2019), which can accurately compute the
global flow features with the significant reduction in the compu-
tational cost. Another type of simplification is presented by
Gaggero et al. (2017) by employing the coupling between CFD and
Boundary Element Method (BEM) to avoid the costly viscous pro-
peller computation. Since the pressure forces are dominant in the
propeller rotation, such simplification is justified and yields accu-
rate results. Different approach to enhance efficiency of solving the
unsteady non-linear periodic flows is by Harmonic Balance (HB)
method (Cvijeti�c et al., 2018) where the variable decomposition is
performed using the Fourier series. All these models are made due
to significant complexities arising with the direct propeller com-
putations. Nevertheless, if such direct calculations are necessary i.e.
when transient phenomena and vortex creation are of high
importance, the propeller rotation interface can be modelled in
different ways. The first approach uses a rotating mesh region in-
side the surrounding domain as shown by Gokce et al. (2019) with
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proper interpolation of the fields on the interface. The second
approach is by employing the overset grid technology (see Carrica
et al., 2011; Wang and Wan, 2020)) where the interpolation is
calculated between the two overlapping mesh regions. Both ap-
proaches can estimate the propeller characteristics in an accurate
manner and the final choice of modelling principles mostly de-
pends on the CFD solver capabilities.

Overview of the current state-of-the-art in ESDs reveals an
obvious gap regarding the ESD structural response. Structural
analysis tends to oversimplify the hydrodynamic loads, while the
CFD calculations are mostly focused on the analysis of the ship
performance with and without the ESD. Existing design procedures
usually neglect the influence of the propeller or fluid viscosity
which significantly affects the ship wake and as such definitely has
an effect on the pressure distribution, consequently leading to a
different structural response. In order to investigate the actual
hydrodynamic loads on the ESD structure, a full CFD computation
needs to be performed and then the computed surface pressure
field per time-step can be exported to the FEM model to properly
study the obtained stress distribution and to have a clear correla-
tion with the hydrodynamic conditions. Only with this approach,
the actual influence of the propeller rotation or ship motions
related to the ESD can be consistently analysed and their impor-
tance weighted for future definition of the structural design pro-
cedure especially when bearing in mind the current lack of
straightforward classification rules with the installation of any ESD.

This paper aims to reveal the effect of propeller modelling on the
structural response of a PSS type of ESD. First, the influence of
different hydrodynamic models on the stress distribution is stud-
ied. Three different flow models are examined: without the pro-
peller (no propeller modelling), with the propeller (direct propeller
simulation) and with the Actuator Disk (AD) (simplified propulsion
model). Themain concern is to clearly distinguish the differences in
the pressure distribution between the simpler propeller model and
the full propeller computation as well as the stress differences
between models. Besides the calm-water conditions, the three flow
models are additionally tested in head waves to investigate their
contribution on the final stress distribution, thus showing the
necessary propulsion complexity needed to properly capture the
structural impact on the PSS when the ship is sailing inwaves. All of
the computations include the free-surface and the dynamic body
motion which is coupled with the propeller forces if present in the
domain. This paper briefly investigates the PSS performance issues
in order to verify the design quality which also proves the PSS ef-
fects near the propeller properly resolved. The CFD framework used
in this work has already been validated on a full-scale ship trials
(Jasak et al., 2019) as well as onmodel scale tests (Bakica et al., 2019,
2020b) with and without the ESD with sufficiently accurate results
on global variables, near the propeller plane local flow field and
propulsion coefficients. Hydrodynamic performance is not the
main subject of this work, hence the assessment of the grid un-
certainty is omitted. Although the changes in the CFD solution have
an effect on the final structural response, this study focuses on the
relative comparison of different conditions, thus making the small
oscillations of the CFD solution irrelevant. Even so, one step of mesh
refining is performed in order to verify that the forces on the ESD do
not change significantly. All this with the above mentioned refer-
ences shows the reliability of the solver and the proposed approach.
Although the quality of the ESD design (PSS in this case) is exam-
ined in terms of efficiency gains, the design itself is more or less
irrelevant from the structural point of view and any variations of
the PSS geometry which aim to maximize the hydrodynamic gains
are not performed. There are numerous works related to the hy-
drodynamic operation of PSS and the interested reader is referred
to Sakamoto et al. (2019) for an extensive CFD study and Dang et al.
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(2012) with the mainly experimental approach.
The paper is divided into six sections. The second section briefly

explains the theoretical background of the mathematical models,
the third section contains all the background necessary to establish
hydrodynamic and structural numerical cases, the fourth section is
dedicated to the hydrodynamic solution in calm-water and waves
while the fifth section deals with the structural response for
studied hydrodynamic conditions. Finally, in the sixth section a
conclusion is given, outlining the work findings.
2. Theoretical background

In this section the theory behind the computations is given
briefly for the hydrodynamic and structural part.

Hydrodynamic model is based on the Finite Volume (FV) dis-
cretisation in the arbitrary polyhedra framework of OpenFOAM
(Weller et al., 1998) developed in the foam-extend environment.
Dedicated in-house library for naval applications NavalHydro Pack
(Vuk�cevi�c et al., 2016a,b; Gatin et al., 2017) is employed in the
study. Non-linearity of the solution is achieved through the com-
bination of SIMPLE loop with a nested PISO loop i.e. pressure is
solved multiple times for each velocity outer corrector (Jasak and
Uroi�c, 2020). Fluid is assumed incompressible and the following
equations are solved:

� continuity equation

V$u ¼ 0; (1)
Table 1
KVLCC2 ship particulars.

Hull parameters

Length overall LOA [m] 325.5
Length between perpendiculars LPP [m] 320.0
Breadth B [m] 58.0
Depth H [m] 30.0
Design draught Td [m] 20.8
Ship speed U [kn] 16.5

Propeller parameters

Blade number 4
Diameter DP [m] 10.6
Ae/A0 0.4288

Hub ratio 0.155

Wave condition
Wave height H [m] 4.8
Wave length l [m] 384.0
Wave incident angle b [deg] 0.0
� momentum equation

vu
vt

þ V$ðuðu�uGÞÞ � VðnVuÞ ¼ � 1
rx
Vpd þ V$R: (2)

where rðxÞ is the density which depends on the spatial vector x, pd
is the dynamic pressure, n is the kinematic viscosity, uG is the grid
velocity and R is the Reynolds stress tensor. Surface tension is
neglected in Eq. (2) since the effects are assumed small for overall
flow solution in naval applications. Free surface is considered using
the Level Set (LS) formulation, (Sun and Beckermann, 2007),
defining the field as the signed distance from the free surface:

fðjÞ ¼ tanh
�

j

ε

ffiffiffi
2

p
�
; (3)

where j is the signed distance field and ε is the smearing parameter
dependent on the mesh resolution near the free surface. Treatment
of the discontinuities at the interface is achieved with the Ghost
Fluid Method (GFM) (Huang et al., 2007), thus removing the
smearing of the density field. Details of the implementation
regarding the entire hydrodynamic model can be found in Vuk�cevi�c
(2016). Relaxation zones are introduced at boundary edges to
prevent wave reflection in the solution (Jasak et al., 2015).
Regarding the turbulence model, a two-equation k� u SSTmodel is
deemed accurate enough for the current analysis due to its proven
reliability with ship self-propulsion flows (see Bakica et al., 2019).
Near boundary flow is modelled with the use of wall functions
sensitive to flow unsteadiness and pressure gradient effects (for
details see Popovac and Hanjalic, 2007).

Structural model is based on the FEM formulation with the use
of a well-established commercial code NASTRAN and for the details
the reader can refer to Siemens (2014). Coupling of the structural
and hydrodynamic solutions is performed using an in-house code
fully explained in Bakica et al. (2020a), so here only a brief
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description is given. Interpolation for partially overlapping meshes
is based on the projection method. In order to reduce the error, the
hydrodynamic CFD field is interpolated directly on the FEM
element integration points. By obtaining these values, the resulting
element nodal forces can be easily computed. Since the coupling is
performed in a one-way approach, the utility can be run after the
CFD simulation is finished on all of the necessary time-steps. After
loading conditions are prepared for the FEM model, the structural
analysis is performed.

In order to consider the fatigue response, the cumulative dam-
age ratio for a certain stress DsNi range is obtained by the following
expression:

Df ¼
Xn

i¼1

nf
Nf

; (4)

where Df is the cumulative damage ratio for full load condition, nf is
the number of cycles at stress range DsNi and Nf is the number of
cycles to failure at stress range DsNi. Finally, the fatigue life can be
calculated as a ratio of estimated design life and the previously
defined cumulative damage Df ratio.

3. Numerical setup

Ship geometry is a well known benchmark case KRISO Tanker
KVLCC2. Geometry is openly available and the ship particulars can
be found in CFD Workshop Website (2010). No experimental
comparison is given here since the self-propulsion simulations
have been validated against CFD results (Jasak et al., 2019; Bakica
et al., 2019, 2020b) and in works of other authors (for example
Gokce et al., 2019; Carrica et al., 2011). Furthermore, model scale
simulations are not performed at all due to differing ship wake at
propeller plane compared to the full scale flow and more impor-
tantly, due to the fact that the structural model of the PSS exists
only in full scale. Ship and propeller particulars with the working
condition for calm water and waves are given in Table 1. Main PSS
geometry outline and fin numbering is given in Fig. 2. All three fins
are created from the same airfoil sections differing only in the span-
wise length.

3.1. Flow domain

Since PSS is an asymmetric device with respect to the y axis and
the direct propeller modelling is necessary, a full CFD domain is
created. The mesh is generated with the open-source tool



Fig. 2. Fin numbering abbreviation (left) and the outlined geometry and sectional cuts
for the Fin 3 (right) with the hull connection in blue (DP - propeller diameter, LPP ship
length between perpendiculars).
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snappyHexMesh. The overall CFD domain spans 2 $ LPP from ship
fore to the inlet boundary, 2 $ LPP to each of the side boundaries and
2.5 $ LPP to the outlet boundary. Free surface is refined in order to
have an approximately 12 cells in the vertical direction per wave
height for the coarsest mesh. Five boundary layers are added to the
ship and on the PSS surface with the first layer thickness of 0.04 m
and 0.005 m, respectively. CFD final generated mesh around the
hull is shown in Fig. 3 which is equal for all simulations. Boundary
conditions are set for the free-surface flowwith relaxation zones on
the domain outlet and sides to prevent wave reflection. For the
two-phase flow fluid density and viscosity is adjusted to air and
sea-water properties.

In the AD case, the disk is simply extracted from the mesh
configuration without the propeller. All the details of the AD
implementation are more thoroughly explained in Bakica et al.
(2019), therefore here are given briefly. It is only important to
state that the AD implementation is based on the idealized disk
theory featuring pressure and velocity jumps at the selected faces
based on open-water test data, inflow speed and rotation rate.
Important characteristic of the current implementation is that the
jump conditions are set at mesh faces as boundary conditions
which does not require re-meshing of the previously developed
domainwithout the AD. Rotation rate is obtained in the calm-water
simulationwith the AD using a PI controller until the resistance and
thrust force reach an equilibrium (see Bakica et al., 2019, for
implementation details).

For the most complex case with the inclusion of the propeller
geometry, the mesh is generated in a different manner. First of all,
the propeller rotation is modelled with a rotating mesh region
Fig. 3. Mesh around the hull and in
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inside the surrounding hull mesh where the propeller region is
given an axis of rotation and rotational speed. For the interface
between the two discontinuous meshes General Grid Interface
(GGI) (Beaudoin and Jasak, 2008) is used which is readily available
in the foam-extend environment. The GGI is based on the face area
weight interpolation model at the matching interfaces which en-
ables conservative and consistent solution of the flow variables at
the disconnected mesh regions. For example, two geometrically
conformal patches without any mesh connectivity between them
and with different types of discretisation levels can be merged into
a single simulation output without the loss of numerical stability. In
the case of ship with the propeller, this approach can enable the
proper mesh discretisation size near the hull and near the propeller
which can significantly differ. Regarding the solver, GGI is intro-
duced into the solution loop as the boundary condition, meaning it
is updated multiple times in each outer corrector, thus providing
necessary communication between the outer and inner interface
boundary. For additional details regarding the GGI implementation
such as face-cut algorithms and flow variable interpolation, the
reader is referred to Beaudoin and Jasak (2008). The mesh for the
propeller region is created using a detailed body-fitted procedure
with the commercial tool Pointwise since any type of unstructured
cut-mesh techniques from prior experience tend to create a step-
wise pressure profile on the propeller blades due to reduced
geometrical smoothness on the surface. The propeller blades are
fitted with 10 boundary layers and structured mesh at the blade
edges to ensure a high mesh quality where the most complex flow
is expected. Although GGI does not set any constraints on the mesh
size at the two merging mesh regions, it is clear that the size of
interface face areas at both regions should be reasonably close, at
best in one-to-one ratio, but this is not mandatory to achieve.
Keeping this in mind, generated mesh with the GGI is shown on
Fig. 5. Rotation rate for the propeller case is obtained in the same
manner as for the AD, using a PI controller until the ship resistance
and thrust are equal.

The final mesh with the propeller geometry included counts
3.35 M cells, opposed to 2.25 M cells in the case of the AD or
without the propeller, with the propeller rotative region consisting
of 1.35 M cells. Stern meshes for different configurations are pre-
sented in Fig. 4. All mesh cases have cell non-orthogonality con-
dition satisfied below 70� and the OpenFOAM specific skewness
criteria maximum around 4 for only a few mesh cells, which is
deemed satisfactory.

When evaluating the PSS efficiency, two cases are run and both
with the direct propeller modelling since benefits from the PSS are
mainly from reducing the rotational losses which the current AD
model cannot accurately predict. When finding the self-propulsion
point for the two configurations, the comparison of propeller
the vicinity of the free surface.



Fig. 4. Stern mesh without the propeller (left), with the AD highlighted in red (center) and with the propeller (right).
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efficiency variables can be made, most importantly the shaft
delivered power. The CFD solver is run until all of the global and
local forces have reached convergence as well as the global ship
motions. It should be noted that in all of the hydrodynamic cases
ship is allowed only pitch and heavemotions. Even small oscillation
in the ship motions contribute to the force on the fins so the full
domain convergence is necessary before evaluating local effects.
The most important region in the flow is the ship aft containing the
PSS. Forces on each fin are computed during the entire simulation
and the simulation is run until those forces have converged. In
order to eliminate the different discretisation step on the solution
when comparing the cases i.e. grid size and time step, all three
simulations are run in equal conditions. Equal grid size is achieved
by keeping the same mesh connectivity on the PSS geometry in all
three cases. Recall that without propeller and with AD cases have
actually the same mesh, while the case with propeller only differs
in the region where the propeller is included. Regarding the dis-
cretisation in time, the situation is somewhat different. The major
concern is the case with the propeller. In order to achieve conver-
gence, the time step needs to adjust to the propeller rotation for the
local flow effects to be correctly captured, thus the time-step is set
at 1.5� of propeller rotation. In all of the simulations, the same time
step size is used to avoid time discretisation discrepancy between
the cases when comparing the results. Although it seems irrational
to use such a small time discretisation for the case without the
propeller or for the AD case (especially when recalling that the AD
implementation is written exactly to avoid the CPU heavy time step
reduction), authors find this approach necessary for the relative
comparison between the cases to be fully consistent. The three
cases are computed on a cluster featuring Intel Xeon CPU E5-2637
v3 3.50 GHz with 40 processor cores employed. Finally, grid or time
step uncertainty analysis is not performed and the cases relative
comparison is deemed sufficient for further evaluation. It is
assumed that the small deviations in the resulting force due to
mesh refining are not significantly influencing the PSS forces and
stresses. Nonetheless, one step of grid refining is performed to
confirm this assumption and the resulting pressure loading in
terms of lift and drag coefficients is evaluated in order to verify the
Fig. 5. Propeller mesh (left), GGI overlapping region highlighted in red (cent
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small dependency of the mesh size on the final solution. Mesh is
refined to 5.6 M cells and the simulations are performed for the
cases without the propeller and with the AD.
3.2. FEM model

Finite element model is created only for the ship aft structure
including the PSS. Model mostly consists of the quadrilateral plate
elements and triangular plate elements. Near the connection with
the hull, solid elements are present. Constraints are imposed on the
fore section of the model as necessary boundary conditions. The
model is shown in Fig. 6 with relevant fin numbering. Each node of
the fore section in the model is constrained for three translations
and three rotations. The material on all elements in the model is a
regular shipbuilding steel. When transferring the pressure distri-
bution from the CFD flow solution, FEMmodel is kept stationary i.e.
it is not moved corresponding to the ship sinkage and trim motion.
Instead, the gravity vector is rotated with respect to the ship
rotation, thus representing the same physical condition. In the
calm-water condition only gravity is present as external accelera-
tion while the wave simulation contains additional ship trans-
lational and rotational accelerations which should be considered.

Loading conditions are exported from the flow solution directly
to the NASTRAN solver and are all automatically run using the
subcases keywords and chosen loading types in NASTRAN frame-
work. In order to prepare the model for the pressure transfer, ele-
ments in contact with water have to be extracted from the full FEM
structural model to have an interface surface well defined between
the fluid and the structure. Once the wetted surface is created the
interpolation can be run on the stored CFD solutions. After gener-
ating the FEM load files with the interpolated pressures as nodal
forces, these files need to be included in the full FEMmodel and the
analysis can be run for all the subcases selected. It is worth
mentioning that the interpolation process holds negligible CPU cost
and time compared to the entire CFD analysis. As previously stated,
the interpolation is performed following the procedure from Bakica
et al. (2020a) where the pressure transfer between partially over-
lapping meshes is explained in detail.
er) and close up view on the propeller tip mesh boundary layer (right).



Fig. 6. FEM model of the aft ship structure with the PSS.
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Fatigue analysis is performed for the calm-water case with the
propeller. Design life is estimated to 25 years while the stress range
is obtained from the FEM analysis loaded with the CFD pressure.
The S-N curve is chosen according to (Tsou et al., 2019). For the
wave simulation fatigue life is not estimated since it would require
amore extensive study considering all of the sea-states which is out
of scope for the current study.

4. Hydrodynamic results

4.1. PSS design evaluation

For the two cases with and without the PSS, the propulsion
characteristics are evaluated and shown in Table 2. As can be
observed, in the case with the PSS, torque coefficient is 4.7% higher
and the rotation rate is 3.17% lower than without the ESD. This is
consistent with the PSS operational characteristics. Each fin creates
a rotative velocity component opposite to the propeller rotation
which induces higher loads on the propeller blades, thus providing
higher torque for lower rotation rate and equal amount of thrust.
The most important benefit of the propeller and PSS interaction is
the lower amount of the kinetic energy losses in the propeller wake
which in turn has a direct effect on lowering the power delivered to
the propeller shaft. For this design the estimated savings in deliv-
ered power are 4.69%. Amount of power gains due to PSS is similar
in quantity as in the extensive study shown by Furcas and Gaggero
(2021). The propeller pressure field is visualized on Fig. 7 for both
conditions where slightly higher loading can be observed on the
two bottom blades with the PSS. This shows the PSS design to be
beneficial in terms of ship efficiency while showing the propeller
and PSS interaction properly captured. However, the most impor-
tant issue in the current study is related to the PSS structural
response, so further analysis of the hydrodynamic results is omitted
in this study.
Table 2
Self-propulsion results.

Ship condition Us (kn) ns (rpm) KT 10KQ PD (kW)

Without PSS 16.5 70.14 0.1333 0.1638 2258
With PSS 16.5 67.92 0.1428 0.1720 2152
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4.2. Calm water - PSS hydrodynamic loads

The forces on the PSS are analysed in their local coordinate
system divided into the drag and lift force. For future analysis, PSS
fins are also numbered according to Fig. 2 in counterclockwise di-
rection making the horizontal fin on the port side as Fin 3. Forces
are compared in terms of lift and drag coefficients which are
calculated using each fin projected area, density and velocity which
is taken equal to the ship speed. Force signal is averaged for the last
15 periods of propeller rotation while the same time frame is used
for averaging the other two cases. Without the propeller and with
the AD are compared with the propeller case since it fully accounts
for the propeller rotation, suction effect and blade passage, thus it is
considered as the reference to other conditions. Flow domain is run
for 450 s simulation time for each numerical model. The CPU time
for the without propeller case is 45.2 h compared to 133.4 h for
direct propeller simulation. The AD case is run from the last stored
solution of the case without the propeller until local flows near the
AD and PSS converge so it cannot be explicitly compared, but the
overall CPU cost is almost equal to the without the propeller case
per time-step. It is important to mention that the AD and without
the propeller cases are currently run with a substantially lower
time-step than necessary to have the same time discretisation as
the propeller case so their CPU cost can be significantly lowered.

Comparison of lift and drag coefficients for each condition is
given in Table 3 where the difference between cases is calculated
with respect to the direct propeller computation. From the results it
is obvious the difference is consistently lower for the AD case in
both lift and drag coefficients for all three fins compared to the
setup without the propeller. Observing the only AD case, the dif-
ference is lower for the drag in the entire PSS, especially when
compared to the large difference in the without the propeller drag
coefficient. The difference is reduced from 41.80%, 10.06% and 3.81%
to only 1.65%, 4.94% and 0.49%. On the other hand, the lift force also
features an improvement when the AD is active, but the overall
comparison w/propeller can still be relatively large and is
maximum for the Fin 3 with value of 23.18%, yet it is still a signif-
icant improvement compared to 38.93% without the propeller. It
can be concluded that the suction effect from the actuator disk
creates a relatively similar flow field upstream of the propeller
plane, hence the accuracy in the drag force is sufficient with such



Fig. 7. Pressure contours on the propeller surface, with PSS (right), without PSS (left).

Table 3
PSS - Lift and drag coefficients in calm water.

w/o propeller With AD With propeller

Fin 1 Fin 2 Fin 3 Fin 1 Fin 2 Fin 3 Fin 1 Fin 2 Fin 3

CD 0.0364 0.2111 0.1547 0.0252 0.2013 0.1497 0.0257 0.1918 0.1490

D*
CD
ð%Þ �41.799 �10.055 �3.806 1.651 �4.944 �0.489 / / /

CL 0.2178 0.2674 0.3599 0.2063 0.3184 0.4527 0.2109 0.3537 0.5893

DCL
ð%Þ* �3.249 24.393 38.933 2.185 9.985 23.179 / / /

* DCL
and DCD

are calculated as the relative difference compared to the case with the propeller (e.g. DCL
¼ 1� CAD

L

CPropeller
L

$100%).
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simplified model. This also explains the highest difference in the
Fin 2 drag which is located near to the ship centerline where the
drag component is least influenced by the propeller suction (drag
coefficient only slightly changes in all three cases, see in Table 3)
due to close proximity of the hull structure upstream and recircu-
lation from one side to the other at the ship center top wake field.
When observing the lift results, the value rises when moving from
Fin 1 to Fin 3 where the largest difference is obtained. Besides the
change in the axial velocity, this can also be explained by the pro-
peller right-handed direction. As can be observed from Fig. 5, Fin 2
and 3 are on the ship port side meaning that the propeller rotation
induced velocity adds with the velocity wake component which
occurs from the narrowing of ship waterlines at the stern. From the
starboard side the situation is reversed, hence the Fin 1 has the
lowest lift coefficient change because the transversal velocities
from the propeller rotation and wake subtract.

Overall, simple AD model has shown much better comparison
with the direct propeller simulation in terms of forces on the PSS
compared to the without the propeller case. Larger differences are
found only in the rotational components which is expected due to
physically non-existing propeller blades in the AD model. Example
of the lift and drag coefficient signal is shown in Fig. 8 for all fins
fromwhere the improvement of AD approach is visible. On all three
fins, the dominant effect on the force oscillation is carried by the
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propeller blade passage. In the case with the propeller the ampli-
tude of the oscillation is much larger, even up to 20% of the lift force,
and the oscillation is equal to the frequency of the propeller rota-
tion divided by the number of blades as expected. For this reason, in
the propeller simulation the entire period of one blade passage
should be considered when evaluating the structural response.
Regarding the local flow characteristics, as shown in Fig. 9 from the
pressure field on the PSS, it is obvious that the propeller rotation
creates themost complex flow field near the PSS. These local effects
(e.g. tip separation) can be interested from efficiency perspective,
but in terms of PSS structural response their effect on the entire fin
is small.

In order to show the reliability of the current solution, the
refined mesh results are presented in Table 4 with the computed
relative difference to the coarse mesh. Large difference is only
present in the CD coefficient for Fin 1 due to the absolute value
being very small. For the other two fins the difference is lower than
4% in both cases. Overall, the relative difference between the
without propeller and AD case is similar as in the coarse mesh.
Given the results, it can finally be safely assumed that the grid
refinement study will not significantly alter the findings when
comparing the results depending on the propulsion model for a
single grid density. After the evaluation of the calm water simula-
tions, next step is to investigate how all these results will be



Fig. 8. Drag and lift coefficient signal for PSS (Fin 1 - 1st column, Fin 2 - 2nd column and Fin 3 - 3rd column).

Fig. 9. Pressure distribution on PSS in different conditions. No propeller (left), actuator disk (center), propeller (right) with averaged pressure on PSS surface over one blade passage
period.

Table 4
Lift and drag coefficients in calm water for coarse and refined mesh.

w/o propeller with AD

Fin 1 Fin 2 Fin 3 Fin 1 Fin 2 Fin 3

Coarse CD 0.0364 0.2111 0.1547 0.0252 0.2013 0.1497
Fine CD 0.0390 0.2096 0.1590 0.0301 0.1994 0.1552

E*CD
ð%Þ �7.032 0.694 �2.763 �19.315 0.923 �3.694

Coarse CL 0.2178 0.2674 0.3599 0.2063 0.3184 0.4527
Fine CL 0.2031 0.2570 0.3460 0.2125 0.3110 0.4605

E*CL
ð%Þ 6.743 3.888 3.867 �2.983 2.331 �1.717

* ECL
and ECD

are calculated as the relative difference compared to the coarse mesh cases (e.g. EC ¼ 1� Cfine

Ccoarse$100%).
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affected when the ship is moving in waves.
4.3. Head waves - PSS hydrodynamic loads

After evaluating the calmwater results ship is simulated in head
waves in all three conditions. Wave length is selected close to 1.2 $

LPP to ensure ship excitation in heave and pitch motion, while the
wave height is set at around 20% of the ship draft. The exact wave
parameters are given in Table 1. More than 20 encounter periods
are simulated with each period of 11.64 s and totals to 278 s
simulation time. Simulations without the propeller and with the
AD required 55.8 h of CPU time, less than half compared to 120.3 h
for the same amount of simulation time with the direct propeller
model. Similarly to the calmwater case, lift and drag coefficients are
calculated for each time step during the last 2 periods in the
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simulation. This required the recalculation of the transformation
matrix from global to the local PSS coordinate system for each fin
due to ship motions in waves. Coefficients are given in Table 5.
Results suggest the same behaviour in waves as in the calm water
case. Lift coefficient increases from Fin 1 to Fin 3, inclusion of the
AD improves the results with respect to the propeller case and the
overall difference in the AD case is much lower for the drag than for
the lift. It is interesting to observe the lift overshoot by 4.574% for
the Fin 3 in waves, while in calm water this particular case con-
tained the largest difference comparing to the propeller case. This
indicates the reduced influence of propeller rotation on the local
flow when combined with the ship motion and wave incident ve-
locity. Differences for the remaining two fins are close to 15% for the
lift with the AD which is for Fin 1 a large increase compared to the
calmwater results where there was only 2.185% discrepancy. Larger



Table 5
PSS - Lift and drag coefficients in waves.

w/o propeller With AD With propeller

Fin 1 Fin 2 Fin 3 Fin 1 Fin 2 Fin 3 Fin 1 Fin 2 Fin 3

CD 0.0458 0.2214 0.1622 0.0352 0.2138 0.1586 0.0319 0.2102 0.1602

D*
CD
ð%Þ �43.316 �5.355 �1.241 �10.362 �1.728 1.043 / / /

CL 0.1913 0.2985 0.4989 0.2011 0.3641 0.5981 0.2397 0.4264 0.5719

DCL
ð%Þ* 20.210 29.991 12.769 16.105 14.619 �4.574 / / /

* see Table 3 for DCL
and DCD

calculation details.
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difference is expected since the interaction between the wake,
propeller, ship motion and wave incident field is fully non-linear
with each component having an effect on the resulting force on
the PSS. However, it should be noted that these CD and CL values are
simply averaged throughout the encounter period and serve only
for representative purposes.

Lift and drag coefficients for the wave simulation are presented
in Fig. 10 for Fin 3 which is most liable to the ship global motions.
Ship motions at the same time frame as those of lift and drag co-
efficients are shown in Fig. 11. It can be seen that in the overall
hydrodynamic loads on the fin, the propeller rotation becomes less
significant compared to the ship motion which drastically changes
the force distribution. When comparing the pitch in Fig. 11 with the
lift coefficient from Fig. 10 it seems that the pitch motion has a
leading effect on the hydrodynamic loads. Regarding the local flow
on the PSS surface, pressure for the propeller case at different in-
stants during encounter period is shown in Fig. 12. Also, very strong
pressure variation can be seen between different time-steps with
the great majority of the pressure change observed on the upper
part of the Fin 3 surface, hence the lift coefficient is much higher for
the bow down position.

Although these effects are clearly visible from the hydrody-
namic perspective and can be used to improve the design, it re-
mains to see how much this pressure variation will actually be
transmitted to the structural response in terms of stresses and
Fig. 10. Drag and lift coeffi

Fig. 11. Pitch (left) and heave (right)
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deformations.

5. Structural analysis

This section contains results for the calm-water and wave sim-
ulations performed in the previous section. Structural solution is
obtained as a series of linear static analysis which means that there
is no mutual interaction between different time-steps and the
stiffness matrix is kept constant throughout the structural analysis.
There is no mutual interaction between the structural and hydro-
dynamic solver meaning that the coupling approach can be
referred to as one-way coupling.

5.1. Calm water

First step in this type of the structural analysis is the inspection
of the hydrodynamic transferred loads to confirm that the imposed
pressure forces are indeed valid. The comparison is shown in Fig. 13
from where it can be seen that the transfer process is performed
correctly. As previously stated in section 4, for the without the
propeller and actuator disk cases, one loading condition is imposed,
and for the propeller case one period of blade passage is analysed.

Structural response is expressed in terms of Von Mises Stress
(VMS) for each fin separately to investigate the impact of different
hydrodynamic condition on a particular fin structure. For each fin
cient signal for Fin 3.

motion during encounter period.



Fig. 12. Fin 3 pressure distribution at time 266.9 s and at 272.2 s (right).

Fig. 13. Hydrodynamic pressure transfer on the FEM-CFD interface surface. Fluid mesh (left), structural mesh (right).
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an element containing the highest stress is selected and compared
for the three hydrodynamic cases. Example of stress distribution
with the selected element is shown in Fig. 14 for Fin 3. For the other
two fins similar stress concentration is found near the fin root.
Comparison of three hydrodynamic cases for the part of one pro-
peller period are shown in Fig. 15. As already stated in section 4.2, it
seems that the propeller rotation direction not only has an impact
on the lift coefficient, but is also clearly correlated to the resulting
VMS distribution. Fin 1 which was minimally influenced by
Fig. 14. VMS (MPa) distribution on Fin 3 at
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propeller rotation in terms of lift coefficient and is mostly protected
from the rotational impacts by Fin 2 actually has a highest VMS for
the case without the propeller. This reasoning can be further
extended when observing that the amplitude of the propeller pe-
riodic impact on Fin 2 is largest compared to the other two fins and
equals 2.77 MPa compared to the 1.33 MPa in Fin 1 and 1.22 MPa in
Fin 3. Although the highest VMS is located in Fin 3, Fin 2 would be
most liable to long-term damage induced by the propeller in terms
of fatigue (highest amplitude). Furthermore, when assessing the
particular time-step for propeller case.



Fig. 15. VMS distribution in calm-water for the maximum loaded element per fin.
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design of the PSS, from the results and for this particular PSS, hull
lines and propeller combination, there is no structural exposure to
ultimate strength failure. However, for the exact loading compu-
tations in calm-water, the inclusion of the propeller geometry is
deemed necessary to estimate the correct stress distribution and
amplitude. Fatigue life for direct the propeller case using the ob-
tained stress ranges is estimated for the three fins and equals 2896
years, 1495 years and 2727 years, respectively. For all of the fin
elements the estimated fatigue life is well over necessary 25 years.
5.2. Head waves

For the ship sailing in waves, a total number of 21 time-steps is
estimated sufficient for capturing the structural response of the PSS
properly. Even for the propeller case, the same number of time-
steps is selected which means that in the stress distribution a
continuous propeller rotation will not be visible. For the propeller
induced oscillation to be fully captured in the structural response
during the encounter period, it would require too expensive com-
putations of a large number of hydrodynamic solutions. More
precisely, wave encounter period in this case roughly equals to an
approximately 10 propeller rotations per period. In order to capture
all the flow details, it would require 20 time-steps per blade pas-
sage which would (for a 4 bladed propeller) equal to a total of 800
pressure loads and structural solutions. By observing Fig. 10, it
seems that the propeller induced oscillation do not influence
significantly the lift coefficient, so to perform the comparison more
efficiently, it is weighted as best to simply perform 21 time-steps as
in the other two cases. If there is a significant difference in the
structural response, it should be visible regardless of the time
discretisation.

Equivalent stress zones are identified in the PSS structure when
analysing the FEM solution, hence the same elements are selected
for each fin as in the previous calm-water cases in Section 5.1. Stress
distribution in time is presented in Fig.16. The highest VMS is found
for the Fin 3 as in the calm-water condition. The stress peak is
enlarged for all three fins due to ship motion effects. When
comparing the maximum stress for the propeller case in calm-
water and waves, the increase for Fin 1, 2 and 3 is 17.56%, 16.23%
and 15.13%, respectively. On the other hand, the amplitude is also
Fig. 16. VMS distribution in an encounter period
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much higher compared to the calm-water, and for the Fin 1, Fin 2
and Fin 3 equals 12.97 MPa, 10.08 MPa and 16.18 MPa, respectively.
What is also important to notice is the relative coincidence of VMS
for all flowmodels on every fin. All this implies the reduced effect of
the propeller torque and thrust on the PSS when considerable ship
motion is occurring.When observing the amplitudes excited by this
ship motion a negligible difference is seen between all three hy-
drodynamic conditions and is much more dependent on the ship
motion intensity. Overall, the VMS solution shows that the resulting
structural response can be resolved at a minimal CPU cost even
without the propeller or with the AD. However, since the AD in-
clusion itself has a negligible influence on the simulation CPU cost,
it is recommended to include it. Although the difference is rela-
tively small compared to the without the propeller case, the AD
results resemble more to the propeller case which should be
regarded as most accurate. This is shown through lift and drag
coefficients comparison in Tables 3 and 5. If for any reason, the
actuator disk is not possible to include, the results obtained from
the no propeller case are expected to yield the similar long-term
response due to ship motions. The authors suggest its inclusion
only if the open-water data is readily available and there is no
significant CPU overhead in the AD implementation.
6. Conclusion

This study presented different propulsion typeswhenmodelling
the hydrodynamic loads on a Pre-Swirl Stator (PSS) and their in-
fluence on the structural response. Three flow models are per-
formed: without the propeller, with AD and direct propeller
calculation. These models are examined in calm-water and in head
wave conditionwhich in total corresponds to 6 different conditions.
In all the simulations performed, time and space discretisation is
kept constant to have a consistent comparison between the cases.
Without the propeller and with AD case have completely equal
meshes, while with the propeller case only differs in the zone of the
propeller geometrywhere the GGI interface is introduced. Propeller
is modelled with the help of a rotating mesh region inside the
surrounding hull mesh domain. These hydrodynamic results are
used as an input for the structural analysis. This type of coupling
would be referred to as a one-way coupling approach. For each
for the maximum response element per fin.
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time-step a linear static analysis is performed meaning there is no
mutual interaction between different time-steps or fluid and
structural solver.

For the first part of the study, PSS hydrodynamic design is
evaluated. PSS has proved to be beneficial to the propeller efficiency
with the estimated savings of 4.69%, thus justifying further hydro-
structural analysis. Hydrodynamic solution is analysedwith respect
to the lift and drag coefficients on each fin. In calm-water, the
propeller case is regarded as the reference to other conditions since
it directly solves the propeller rotation. Larger differences are found
between the without propeller and with propeller case, while the
AD case decreases the pressure difference substantially compared
to the without the propeller case which is especially visible in the
drag coefficient. On the other hand, the AD also improves the lift
coefficient where the results are somewhat worse compared to the
drag coefficient. However, this is expected since the AD does not
model the propeller rotation properly. In waves, the propeller
rotation effect on the pressure is significantly reduced and most of
the force oscillation is excited by the ship motion, in majority by
pitching motion for this particular case.

In the second part, the CFD results are imposed on the structural
model and VMS is examined on the PSS. For each fin, element
containingmaximum stress is selected and analysed. In calm-water
and in waves same zones of the structural model are found excited
the most. In calm-water, there is no structural exposure to ultimate
strength failure, however, in terms of fatigue, the propeller
modelling is shown as necessary since for the other twomodels the
amplitude of a blade passage cannot be captured which could be
important from the design aspect. On the contrary, in waves, the
propeller rotation effect does not have a considerable effect on the
structural stress. In this case, the ship motion has the strongest
impact on the amplitude of the propeller rotation which is for this
particular wave about 10 times higher for each fin. It is found that
the propeller suction effect either has little or no effect on the
resulting VMS in Fins 1, 2 and 3. Stress is substantially increased in
waves, but even the case without the propeller properly captures
the necessary structural stresses and ship motion induced
amplitudes.

From the calculated structural responses, following major con-
clusions can be summarized. First, in calm-water, the propeller
should be included in the simulation to capture properly the force
oscillationwhich is necessary to calculate the long-term fatigue and
to properly evaluate the ultimate strength criteria. Second, in
waves, the propeller effects hold negligible impact on the resulting
structural response and the majority of the important flow char-
acteristics is captured even without the propeller or AD while the
dominant parameter governing the force oscillation are the ship
motions amplitudes. All said, in the entire ship life-cycle from the
perspective of statistical wave analysis, a propeller inclusion for this
type of ESD is deemed unnecessary to evaluate the actual loadings.
On the other hand, the AD inclusion seems reasonable since it
creates a more accurate pressure distribution comparing to the
without the propeller case at a negligible CPU expense.

The main intention of this work was to properly identify the
dominant effects in the hydrodynamic model influencing the ship
structural response in order to have a clear picture for future design
procedure definition. Since the PSS straightforward design pro-
cedure is still under investigation, within the future work the au-
thors intend to extend the current work to a more rigorous
statistical wave approach and a more complex fluid-structure dy-
namic coupling.
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