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Abstract

Due to environmental awareness and an increase in fuel prices, there has been an increasing
demand for new technology to improve ship’s energy efficiency to reduce fuel consumption.
One of the simplest and most effective methods to improve fuel efficiency is to improve propul-
sion performance. This could be done in several ways, but one measure is to implement energy
saving devices that are designed to optimize the propeller efficiency. One type of energy saving
devices that improve propeller efficiency is pre-swirl stators. The PSS usually consists of 3-5
fins, designed to manipulate the inflow to the propeller to make it more homogeneous, and thus
increase propeller efficiency.

The objective of this thesis is to optimize a pre-swirl stator used on a chemical tanker. By
improving the propeller efficiency, the energy consumption of the ship will decrease. Through
an optimization study on design parameters such as fin radius, angular position of fins, and the
pitch angle of the fins, the best PSS design configuration will be found. The hydrodynamic
performance for the different configurations is found through numerical calculations in Star-
CCM+. By systematically varying the design parameters one by one and investigating how the
hydrodynamic performance is influenced, the optimal design is found for the pre-swirl stator.

All simulations conducted for this study is performed using Star-CCM+. By implementation
of different physical models, the chemical tanker is simulated with and without the presence of
free surface. The free surface simulation is performed as a part of the validation study of the
numerical set-up. The optimization process is performed without free-surface to save computa-
tional time. The numerical set-up is validated through a comparison of the resistance coefficient
and the nominal wake of another numerical study conducted on the same ship. Results from
these comparisons showed good agreements between the two studies.

16 different pre-swirl design configurations were investigated in the optimization process. By
systematic variation of the design parameters, the various configurations were investigated
through numerical computations. Through a study of the increased propeller efficiency, in-
creased ship resistance and the wake field, the optimal design configuration is found. From
the results it is found that all PSS configurations give some increase in propeller efficiency.
The optimal solution provides a increased propeller efficiency of 8.51% relative to the propeller
without PSS, and 3.85% more than the initial PSS configuration. This configuration increases
the average relative resistance with 4.72% compared to the ship without PSS. Since the study
was carried out with a fixed rotational velocity of the propeller, the resistance increased when
the thrust increased.

From the simulation of the optimal configuration, the influence of the PSS is visualized. From
these figures, it is visible how the PSS alters the flow around the aft ship. The streamlines
show that the PSS cancels out the vortex from flow separation in front of the propeller, and the
pressure coefficient is plotted to evaluate the cavitation domains.
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Samandrag

Som følgje av auka fokus på klima og høgare drivstoffprisar, har det dei siste tiåra vore ein
veksande etterspurad etter ny teknologi for å betre energieffektiviteten til skip. Ein av dei en-
klaste og mest effektive metodane for å få ned drivstofforbuket for eit skip, er ved å optimalisere
propulsjonssystemet. Det finns ei rekkje tiltak som senkar drivstofforbruket, og eit av tiltaka ein
kan nytte er å implementere energisparande einingar som er designa for å optimalisere propul-
sjonseffektiviteten. Ein type energisparingseining er pre-swirl stators, frå no av referert til som
PSS. Ein PSS består av tre til fem finnar som er plassert framfor propellen, og er designa til å
manipulere strøyminga inn i propellen. Ved å få ei meir homogen strøyming inn i propellen vil
verknadsgraden til propellen gå opp, og ein vil minske energiforbruket til skipet.

Målet med denne masteroppgåva er å optimalisere ein PSS som blir brukt på eit kjemikalietankskip.
Gjennom eit optimaliseringsstudie vil ulike designparametrar som finne-radius, vinkelposisjon
og pitch-vinkel bli variert slik at det optimale designet kan bli identifisert. Dei hydrodynamiske
kreftene som verkar på systemet vil bli funne gjennom numeriske berekningar i Star-CCM+.
Ved å implementere ulike fysiske modellar i den virtuelle slepetanken, vil tankskipet bli simulert
både med og utan fri overflate. Simuleringa som er utført med fri overflate er gjort som ein del
av valideringsprosessen for det numeriske oppsettet. Optimaliseringsprosessen for finnane er
utført utan fri overflate for å spare køyretid i kalkuleringane.

16 ulike designkonfigurasjonar er undersøkt for å finne det optimale PSS-designet. Frå resultata
i simuleringane ser ein at alle designkonfigurasjonane gir auka propellverknadsgrad samanlikna
med propellen utan PSS. Det optimale designet gir ein auka propellverknadsgrad på 8.5%, som
er 3.85% høgare enn for det originale designet av PSS. Den relative motstanden er også auka
med 4.72%, som følge av auka thrust og konstant skipshastigheit og propulsjonshastigheit.

Frå simuleringane av det optimale PSS-designet kan ein sjå korleis strøyminga blir påverka
av finnane. Frå resultata kan ein sjå at virvelen som oppstår på grunn av avløysning framfor
propellen blir løyst opp av finnane. Det er også tydeleg at krafta til virvelen bak propellnavet
minkar. Trykkoeffisienten på propellblada endrar seg også, så kavitasjonsdomena på propell-
blada blir undersøkt.
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Chapter 1
Introduction
Due to environmental awareness and an increase in fuel prices, there has been an increasing
demand for new technology to improve ships’ energy efficiency over the last decades. With
increased attention to the environmental footprint from burning fossil fuels, there has been a
growing interest in reducing the fuel consumption of ships. Contributing initiatives to reduce
the shipping industry’s emissions are stricter regulations and financial intensives for reducing
emissions. Large amounts of money are granted for research on measures to reduce fuel con-
sumption; thus, many innovative devices that increase the energy efficiency of ships have been
introduced. Some fuel-reducing measures are hull form optimization, hydrodynamic energy-
saving devices that aim to improve the ship’s propulsive efficiency, structural optimization, and
reducing the weight of the vessel. One of the simplest and most effective methods to improve
fuel efficiency is to improve propulsion performance (Park et al., 2015). Improvement of the
machinery technology and optimizing the operational measures for ships in operation is essen-
tial to reduce the fuel consumption (ABS, 2013).

Several types of energy saving devices are designed to optimize the propeller efficiency for
new builds as well as retrofit ships in operation. Examples of such devices can be pre-swirl
devices, post-swirl devices, wake equalizing, and flow separation alleviating devices. Energy-
savings can be as high as 10% depending on the type and design of the energy-saving device,
details of the vessel, and the propeller (ABS, 2013). For poorly designed devices the efficiency
might be decreased, so it is critical to fit the ESD to all individual ships.

One type of energy saving device is pre-swirl stators (PSS), usually consisting of 3-5 fins located
in front of the propeller. The pre-swirl stator alters the inflow to the propeller by modifying the
axial and tangential velocity components of the inflow to the propeller. The most significant
amount of energy saving comes from recovering parts of the kinetic energy losses associated
with tangential velocities (Koushan et al., 2020). Reduced kinetic losses and improved inflow
to the propeller give improved propeller efficiency and thus reduce the ship’s fuel consumption.

1.1 Objective
This master thesis will focus on optimizing a pre-swirl stator used on a chemical tanker. There
are several parameters to be optimized; the radius of the fins, angular position of fins, and
the pitch angle of the fins. By utilizing Computational Fluid Dynamics (CFD) tools, different
configurations of the parameters are investigated to find the optimal design for the PSS. The
objective is to maximize the increase in propeller efficiency, so that the fuel consumption of the
chemical tanker is reduced.

1



The design optimization is performed for full-scale conditions for design speed and draught.
The flow into the propeller depends on the hull shape, propeller, rudder and energy saving
devices. Since so many factors influence the flow, the numerical calculations must be consid-
ered as one system. To accurately capture the interaction between the hull, PSS, rudder, and
propeller, the propeller rotation is simulated as rigid body motion as this provides the most
accurate results. The optimization of PSS will be executed by systematically comparing the
results from the CFD-analyses, and in the optimization process, each parameter’s best configu-
ration will be found one by one and then used for the remainder of the simulations. The effect
of the PSS on the cavitation performance of the propeller will be investigated and discussed.
The CFD analyses are performed using the commercial code Star-CCM+.

Originally, as stated in the contract, it was intended to investigate the potential of implementing
propeller boss cap fins in combination with the pre-swirl stator used in this thesis. The PBCF
is energy saving device that is compatible with PSS, and could be designed to make use of the
remaining energy in the hub vortex. The unpredictable situation this spring with the pandemic,
and challenges related to that situation, the simulation process got delayed, and there was no
time for such study. A short section with theory behind the working principles of the PBCF will
be presented to understand how the PBCF could influence the flow.

1.2 Use of CFD in ESD optimization
Computational fluid dynamics, CFD, has become a widely used tool to predict the hydrody-
namic performance of ships. CFD gives the opportunity to investigate both the macroscopic
forces in a system and the details in the ship’s flow field. Therefore, CFD can be used to predict
the full scale wakefield and is particularly helpful when studying the ESD’s influence on the
flow around the hull. CFD tools can also assist in the optimization process of a design since
they allow multiple iterations. Hull form, hydrodynamic energy-saving devices, propeller, and
rudder can be optimized by analyzing how different variations of the parameters will influence
the efficiency of the ship.

CFD is also valuable when studying the complex flow around the hull. Historically, ships
have been studied in model scale using towing tanks, but this makes it difficult and expensive
to investigate the details of the wake. Due to scale-effects on the wakefield, the extrapolated
model-scale results tend to vary from the sea-trials. When studying devices that work in the
ship’s boundary layer, such as pre-swirl stators, the scale effects play a significant role. It has
been noted that the energy gain of the PSS predicted from model-scale differs from the results
from sea-trials. Koushan et al. found that the energy saving for the PSS in model scale dif-
fers quite a lot from the full-scale CFD and sea-trial results with energy savings of 2.5% and
4.0% respectively (Koushan et al., 2020). The analyses in this thesis will therefore be based on
running CFD in full-scale.

1.3 Research on PSS
There are many available research reports on pre-swirl stators and the challenges of designing
a PSS. Studies that evaluates different trials will be discussed below.
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Nowruzi and Najafi did a combined experimental and numerical study on the effect the PSS
has on the propulsion performance using different types of pre-swirl ducts (Nowruzi and Na-
jafi, 2019). In this research, three different types of pre-swirl ducts were tested; the Mewis
duct, Becker twisted fins and an unconventional half-circular duct as shown in Figure 1.1a, 1.1b
and 1.1c. To investigate the propulsion performance, thrust and torque coefficients, efficiency
components of the intended propulsion system, wake and pressure distributions were evaluated.
They found that the PSS performance varies with the advance ratio. For lower advance ratios
the Becker twister fins provided highest thrust and torque coefficients, while for higher advance
ratios Mewis ducts provided the highest value of the coefficients. They also found that inflow to
the pre-swirl ducts is highly dependent on the ship’s hull form, and that it is difficult to establish
a general guideline for design and position of pre-swirl ducts.

(a) Mewis duct (b) Becker twisted fins (c) Unconventional half circular
duct

Figure 1.1: Three different configurations of pre-swirl ducts (Nowruzi and Najafi, 2019)

Koushan et al. performed a numerical and experimental investigation of different designs of pre-
swirl stators on a chemical tanker (Koushan et al., 2020). Different designs were studied through
systematically varying the design parameters such as fin geometry parameters and installation
parameters. 70 alternative design solutions were analyzed to find the highest power-savings.
The power-saving was found to be up to 4% for the best configuration. Figure 1.2a, 1.2b and
1.2c show three different variations of the PSS design from this study. It was found that studying
the kinetic flow energy in the propeller slipstream is useful to understand the working principle
of the PSS. Additionally, the axial wake fraction must be studied since swirl assessment alone is
not sufficient for the ESD performance analysis. The report points to the importance of careful
adaptation of ESD to see which PSS would give the largest power-saving. This study was
performed both experimentally and numerically. For the numerical simulation, STAR-CCM+
was used, and the models used for the simulations are described thoroughly in the report.
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(a) Var-1 (b) Var-3 (c) Var-5

Figure 1.2: Three different configurations of pre-swirl stators (Koushan et al., 2020)

Kim et al. performed hydrodynamic optimization of a pre-swirl stator by CFD and model test-
ing. This paper describe the process from the developments of the PSS in the early design
stage, optimization process, model tests and at last a validation of the results through sea trial
tests (Kim et al., 2013). This study uses a simple design of the PSS and optimizes the design by
varying the fin parameters. The optimization study for this research uses a relatively straight-
forward approach. The design parameters are systematically varied one parameter at a time,
and the optimal parameter is determined based on the propulsion performance index, Qn. The
optimization process finds the optimal value for one parameter and keeps the value for the re-
mainder of the simulations going further to the next parameter. This optimization model does
not include the coupled effect between the different parameters, but it does save considerable
amounts of computational time since each parameter requires a substantial CPU time.

Figure 1.3: Stator fins (Kim et al., 2013)

Dang et al. used CFD calculations and model tests to get a better understanding of the working
principle of different types of energy saving devices (Dang et al., 2012). Dang et al. studies
the influence of the ESDs on thrust, resistance and shaft rotational speed, as well as the energy
balance in front of and behind the propeller. The results from the CFD analyses are compared
to the experimental results and was found to be quite consistent. From these results Dang et al.
propose principles of a guideline for ESD designs for single screw merchant ships, where the
most important point is that the ESDs should be optimized with regards to the kinetic energy in
the downstream wake.
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Chapter 2
Theoretical foundation
This chapter presents the theoretical foundation used for the numerical optimization of the pre-
swirl stators. The hydrodynamic performance of the propeller is studied through multiple nu-
merical simulations. This chapter introduce the theoretical foundation needed for the optimiza-
tion of the PSS, including both propeller theory and numerical theory. Some of these subjects
was studied in the project thesis on energy saving devices, thus, parts of the theory presented
here originates from that project (Johansen, 2019).

2.1 Propeller performance

2.1.1 Propeller performance characteristics
It is crucial to understand the characteristics of the propeller performance when optimizing the
effect of energy saving devices as the characteristics are used to compare the various configura-
tions. The performance characteristics of a propeller can be divided into open water properties,
and behind-hull properties (Carlton, 2007). The performance of the propeller is defined by
some general non-dimensional parameters that express the forces and moments generated by
the propeller. The open water parameters of the propeller are obtained from open water tests in
towing tanks or CFD analyses. The non-dimensional terms are as follows;

Thrust coefficient: KT =
T

ρn2D4
(2.1)

Torque coefficient: KQ =
Q

ρn2D5
(2.2)

Advance number: J =
V a

nD
(2.3)

Cavitation number: σ =
p∞ − pV

1
2
ρV 2

(2.4)

Equation 2.1 is related to the delivered thrust of the propeller, T. The number of revolutions, n,
water density, ρ, and the propeller diameter, D, is known. Torque coefficient in Equation 2.2
use the same entities, and all of them are known except for the torque, Q, that must be found in
the open water tests or simulation.

From Equation 2.3 it is seen that the advance number, J, depends on the speed of advance,
Va, rotational speed n, and diameter, D. Va is the freestream velocity of the ship. The diameter
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of a propeller is constant, but the rotational speed and speed of advance can be varied.

Cavitation number, σ, is a dimensionless number that are used to to investigate if the flow
has the potential to cavitate. The cavitation number express the pressure difference between the
local absolute pressure and the vapor pressure.

Other terms that are important to the propeller performance are delivered power and propeller
efficiency. Delivered power is a function of the torque on the propeller as seen in Equation
2.5. The propeller efficiency is given as the relationship between the thrust force and deliv-
ered power and express the required amount of power needed to deliver a level of thrust. The
propeller efficiency is given in Equation 2.6.

Delivered power: PD = 2πnQ (2.5)

Propeller efficiency: ηo =
TVa

2πnQ
=

J

2π

KT

KQ

(2.6)

An open water diagram can be used to plot the propeller performance characteristics for dif-
ferent values of the advance number. A typical open water diagram for fixed pitch propellers
working in a non-cavitating environment at a positive advance coefficient is shown in Figure
2.1. The figure shows multiple plots for the operating conditions at positive advance number, J,
and rotational speed, n at different pitch ratios P/D (Carlton, 2007). One can also see how the
change of the pitch ratio influences the characteristics. For a specific fixed-pitch propeller, there
will only be one curve for each of the parameters, KT , KQ, and η.

Figure 2.1: Open water diagram for the Wageningen B5-75 screw series (Carlton, 2007)

From Equation 2.3 one can see that the advance number varies with the advance velocity, Va.
That means that if the advance velocity decrease, so will the advance number, J. Figure 2.1
shows curves for the efficiency, η, as a function of the advance number. In cases of decreased
rotational speed or increased velocity, the advance number increases, thus propeller efficiency
is improved and thrust and torque coefficients decrease.
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2.1.2 Wake field

When a body moves through water, the motion causes a wake field behind the body. This means
that there are disturbances in the flow that leads to an uneven velocity distribution behind the
body. The flow field varies with time and spatially and it is affected by the upstream geometry.
The wake field at the propeller plane has three main contributions; the streamline flow around
the body, the growth of the boundary layer over the body, and the influence of any wave-making
components (Carlton, 2007).

The ships hull shape and appendages strongly influence the wake field. In general, single-
screw ships have wake fields characterized by a strongly non-uniform distribution of velocities
with a wake peak at the top position (Regener et al., 2018). That means that the blade sections
of a propeller operating behind the ship experience substantial variations in the angle of attack.
For propeller design, it is desired to have as homogeneous wake field as possible, so that the
propeller blades operate at optimal angle at all positions as it rotate.

To understand the data from the wake field plots, the data can be defined using different meth-
ods. There are three main principal methods; the velocity ratio method, Taylor method, and
Froude methods (Carlton, 2007), where the former one is the most commonly used. The ve-
locity ratio method use iso-velocity contours expressed as a ratio of the ship speed VS and the
velocity of a point in the propeller disc. The velocity in the propeller disc is expressed in terms
of the axial, tangential, and radial components, va, vt and vr, respectively.

va
VS
,
vt
VS

and
vr
VS

(2.7)

Figure 2.2 illustrates the axial and in-plane velocity ratio. The axial velocity ratio are presented
using iso-lines, and the in-plane velocity ratio are presented using gradient vectors with a direc-
tion and a length.

Figure 2.2: Axial velocity ratio and in-plane velocity ratio (Carlton, 2007)
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2.1.3 Nominal and effective wake field
The nominal wake field is the wake field that would be measured at the propeller plane without
the presence or influence of a propeller. The nominal wake field of a ship can be considered to be
a compromise of the potential wake, the wave-induced wake, and the frictional wake (Carlton,
2007). The potential wake component is the wake that arise if the ship was in an inviscid fluid.
The wave action component originates from the movement of water particles in the system of
gravity waves at the ship by the water surface. The frictional wake field occur as the fluid of
viscous nature flow past the hull surface. This component is derived from the growth of the
boundary layer over the hull surface. Figure 2.3a show the transverse nominal wake field at the
propeller plane. Here the flow is not influenced by a propeller or other appendages to disrupt the
flow. Figure 2.3b show how the nominal flow changes when a pre-swirl stator is implemented.
The flow is notably altered at the port side of the ship. The figures are from Dang et al.s study
of the working principles of energy saving devices (Dang et al., 2012).

(a) Transverse nominal wake field on the propeller
plane without ESDs

(b) Transverse nominal wake field on the propeller
plane with ESDs

Figure 2.3: Transverse wake field (Dang et al., 2012)

When the propeller is operating behind the hull, the flow becomes more complex than for the
nominal wake situation. Due to complicated interactions between the hull and the rotating
propeller, the flow field in the effective wake is not simply the sum of the flow in the absence
of the propeller, together with the propeller-induced velocities calculated based on the nominal
wake (Carlton, 2007). The effective wake is a result of the contribution from three components;
the flow from the naked hull, the propeller induced flow and the interaction of the two. The
effective wake field is used as input for analyses in the design process and must be found through
iterative processes.

2.1.4 Optimal wake field for propeller
Since propellers operate in a complex flow field influenced by the hull geometry, appendages,
and an interaction component, all ships have individual wake fields. Because the velocity varies
both in radial and tangential directions, the velocity field experienced by a blade section will
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vary along a rotation (Savio, 2011). When the propeller operates in the stern, the velocity field
will vary throughout a revolution due to disturbance in the flow field, making it complicated to
design a propeller that works optimally throughout the entire revolution. It is desired to have as
homogeneous wake flow distribution as possible at the propeller plane, so that the relative dif-
ference between the maximum and minimum velocity is small and there is not abrupt transition
in the fluid.

It is desired to design a propeller that is operating optimally for all angles, but this is not possi-
ble when the relative velocities change over the revolution. Various energy-saving devices can
be used to improve the transverse nominal wake, so that the propeller works at more optimal
conditions over a larger part of the revolution. A transverse nominal wake field without ESDs,
is shown in Figure 2.3a. For a propeller rotating clockwise, the propeller blades will experience
higher relative velocities along the starboard side. In Figure 2.3b the transverse nominal field
wake on the propeller disc with ESD is shown. When comparing these two nominal wakes, it is
seen that the ESD changes the velocity profile so that the direction of the velocities on port side
are changed, thus the relative velocity to the propeller is increased. This may result in higher
provided thrust. Figure 2.4a show a typical nominal axial velocity distribution for a single screw
ship. Figure 2.4b shows how the axial velocity varies along radial section r/R=0.68 over one
revolution.

(a) Axial velocity (b) Velocity profile along radial section r/R = 0.68

Figure 2.4: Typical nominal axial wake field for a single-screw container ship (Kerwin, 2001)

The wake field must be considered when investigating the risk of propeller cavitation. Large
velocity disruptions should also be avoided to avoid large pressure jumps, that may lead to
cavitation on the propeller. Caviation happens where the local variations in velocity are large.
For instance, in regions of low axial velocity, the parts of the blade may experience reduced
advance velocities and sheet cavitation can occur (Savio, 2011).
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2.2 Computational fluid dynamics

2.2.1 Star-CCM+
STAR CCM+ is a commercial CFD-software developed by CD-adapco, designed to run large
simulation efficiently. The software implements object-oriented programming allowing both
beginners and experts to utilize the CFD software. The software covers the entire simulation
process, including CAD modeling, CAD embedding, surface preparation tools, automatic mesh-
ing models, physics modeling, turbulence modeling, and post-processing of the results from the
simulation (CD-Adapco, 2016).

Star-CCM+ provides a range of options that makes it possible to solve the Navier-Stokes equa-
tions. These include multiple Reynolds Averaging models (RANS), Large Eddy Simulation
(LES), Detached Eddy Simulation (DES), and inviscid potential flow. More details of the mod-
els used in the simulations will be presented in the following sections of this chapter.

2.2.2 Governing equations
Computational Fluid Dynamics is based on three governing equations; Continuity equation,
Navier-Stokes equation, and the Energy equation. To analyze the motion of the fluid particles
in the domain, the equations of motion must be solved. For a viscous, laminar, incompressible,
Newtonian fluid without free-surface effects the equations of motion are the continuity equation
and the Navier-Stokes equation (Cengel and Cimbala, 2010). The general continuity equation
is given as

#»∇ · #»

V =
∂u

∂x
+
∂v

∂y
+
∂w

∂z
= 0 (2.8)

And the Navier-Stokes equation is given by

(
#»∇ · #»

V )
#»

V = −1

ρ

#»∇P ′ + ν∇2 #»

V (2.9)

Equation 2.8 is a conservation equation and Equation 2.9 is a transport equation that represents
the transport of momentum throughout the computational domain (Cengel and Cimbala, 2010).
The fluid of interest is assumed to be incompressible, thus the continuity equation and the
moment equation are uncoupled from the energy equation. That means that there are four
coupled differential equations to solve for four unknowns; u,v,w and p.

2.2.3 RANS Solver
The Reynolds-averaged Navier–Stoke equations, or the RANS equations, are time-averaged
equations of motion for fluid flow. The RANS-solver use an averaging technique, where the
solver calculates a constant value of the velocity as well as a fluctuating value (Pettersen, 2019).
A RANS-solver will be used in this master thesis, and the Navier-Stoke Equations will there-
fore be discussed in greater details. To solve the Navier-Stokes for one velocity component,
Equation 2.10 is used, where i = 1,2,3 representing the values of u,v,w respectively, and j =
1,2,3 representing the values for x,y,z respectively.
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∂ui
∂t

+ uj
∂ui
∂xj

= g − 1

ρ

∂P

∂xj
+ ν

∂2ui
∂xj∂xj

(2.10)

In the RANS-Solver an averaging term is introduced, so that the equation contains some com-
ponents of the mean flow in the NS-Equation and a fluctuating term, the Reynolds stress tensor.
Then the Navier-Stokes equation can be expressed in Cartesian tensor form as follows:

∂ui
∂t

+ uj
∂ui
∂xj

= −1

ρ

∂P

∂xj
+ ν

∂2ui
∂xj∂xj︸ ︷︷ ︸

Mean flow NS-equations

−
∂(u′iu

′
j)

∂xj︸ ︷︷ ︸
Reynolds stress tensor

(2.11)

Where the mean flow are four equations solved for the average values of u, v, w and P . Reynolds
stress tensor is what takes turbulence into account and is solved using different turbulence mod-
els. The equation can be rewritten once more, giving:

∂ui
∂t

+ uj
∂ui
∂xj

= −1

ρ

∂

∂xj

[
Pδij + µ

(
∂ui
∂xj

+
∂uj
∂xi

)
− ρu′ju

′
i︸ ︷︷ ︸

Fluctuations

]
(2.12)

The last term solves for the influence of the fluctuations, not the fluctuations themself. This is
used to model the effect of turbulence, and do not solve for the eddies in the flow. The last term
can be found by several models, such as k − ε, k − ω and k − ωSST .

2.2.4 Turbulence modelling
For the current state of CFD, it is impossible to solve for turbulent flows of practical engineer-
ing without invoking turbulence models (Cengel and Cimbala, 2010). There is a variety of
turbulence models available for modeling different flow behaviors, depending on the required
accuracy of the simulation and the computational capacity. Ranging from fully numerically
solved Navier-Stokes equations to a high level of modeling of the influence of the turbulence,
the different models will require different computational power. Reynolds-Averaged Navier
Stokes (RANS) models the influence from the turbulence, while Direct Numerical Simulation
(DNS) solves the equations for turbulent flow directly (Pettersen, 2019). The latter is mostly
used in high-end research due to its high computational complexity.

Star-CCM+ offers a variety of turbulence models within the RANS-solver approach to the
Navier-Stokes equations, where the main models are k − ε, k − ω, Reynolds Stress Transport
and Spalart-Allmaras (CD-Adapco, 2016). Each model got different strengths and weaknesses
and are used for different types of simulations. Some turbulence models are optimized for a
certain level of y+-values, giving an upper range of applicability for the y+-value depending on
the flow physics and the boundary layer profile.

The main turbulence models used in the RANS solution are k−ω SST and realizable k−ε. Un-
til the last decade of the twentieth century, the k− ε model was by far the most popular method
to simulate the mean flow characteristics for turbulent flow conditions (c. Wilcox, 2006). This
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model is a two-equation model and solves the transport equations for the turbulent kinetic en-
ergy k and the turbulent dissipation rate ε (CD-Adapco, 2016). There are many various forms of
the k− ε turbulence model optimized for different parameters such as Reynolds number and y+
value. Realizable two-layer k−ε is often used for added flexibility with an all-y+ wall treatment.

k − ω is also a two-equation turbulence model that is frequently used. One significant ad-
vantage of this model is that it can be applied throughout the boundary layer, including the
viscous-dominated region without any modifications. An additional advantage reported for this
model is that it has better performance for boundary layers under adverse pressure gradients
compared to the k − ε model (CD-Adapco, 2016).

The k − ω SST model was developed as an improvement to the two previously mentioned
models. The k − ω SST model address the strengths and weaknesses of k − ε and k − ω to
improve the model provide better separation prediction. This turbulence model blends a k − ε
model in the far-field with a k − ω model near the wall (CD-Adapco, 2016). By using an addi-
tional cross-diffusion term in the equation, this model ensures that both the near-wall as well as
far-field zones are properly resolved (Baek et al., 2015).

2.2.5 Meshing
To solve the governing equations in the computational domain, the domain must be discretized
into a mesh. A mesh is a discretized representation of the computational domain where the nu-
merical solution is calculated using the physics solvers. For each cell, the governing equations
are solved for the physical process for all time steps.

The grid generation process should be given particular attention since the quality of the results
strongly relies on the quality of the grid. Star-CCM+ provides integrated meshing tools that gen-
erate high-quality mesh for various geometries and applications. The preferred cell shape used
in simulations depends on the particular geometry and solution method used for the particular
problem. Some of the standard topologies are shown in Figure 2.5. For practical applications,
tetrahedral or hexahedrons are the most used cell shapes (Liseikin, 2010). A combination of
different cell types can also be used. Koushan et al. used a combination of hexahedral mesh
cells and polyhedral mesh cells for the numerical study of pre-swirl stators. The polyhedral
cells were used in the rotating propeller region (Koushan et al., 2020).

Figure 2.5: Tetrahedon, hexahedron and triangular prism cell (Liseikin, 2010)

The number of cells, thus the cell size, strongly influence the results of the simulation. For a
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coarse grid the results will not be realistic, and for a fine grid the simulation require much com-
putational power and computational time. The optimal mesh refinement can be found through
convergence studies. One way to perform a convergence study is through a structured approach
where different mesh refinements can be tested to see when the results converge, but this is a
time consuming process. If experimental data are provided, a less time-consuming method is to
perform the convergence study with regard to these data, which was the case for Nowruzi and
Najafi’s numerical study of different pre-swirl stators on series 60 ships (Nowruzi and Najafi,
2019). For this method, the mesh refinement is increased until the results converge towards the
experimental results.

Grid types are divided into two classifications; structured grids and unstructured grids. The
main difference of the classes is how the points are located relative to each other, and whether
the cells are defined by a general rule. If that is the case, the mesh is considered structured.
Some advantages of structured grids compared to unstructured grids, are better convergence
and higher resolution. If the connection of the neighboring grid node varies largely from point-
to-point the mesh is called unstructured. Unstructured grids have irregularly distributed nodes
and the cells do not have to be any of the standard shapes, and thus this class is the most flexible
tool for advanced geometry.

Star-CCM+ provides multiple tools to construct the mesh for the entire domain. At solid sur-
faces, the surface mesher is used, in the boundary layer the prism layer mesher is used and for
the main volume in the domain the trimmed cell mesher is used.

2.2.6 Prism layer mesher
The prism layer mesh model is used to generate orthogonal prismatic cells at wall surfaces and
boundaries. The prism layers allow the solver to calculate the flow near the surface more accu-
rately. A correctly resolved boundary layer is critical to determine the forces on the walls and
at separation points (CD-Adapco, 2016). The mesh should be denser in areas where there are
large velocity gradients or other quantities that would strongly affect the flow such as vortex
shedding and the flow in the vicinity of the free surface.

The prism layer is characterized by the thickness of the first cell and the total thickness of
the boundary layer. The thickness of the first cell on the wall, hw, can be calculated from for-
mulas based on the desired y+ value, LPP , Reynolds number, and the friction coefficient, CF .
∆y is half the height of the first cell (Przybylski, 2015). The y+-value is a non-dimensional
value used to ensure that the distance from the wall to the first mesh node is small enough for
the turbulence model.

∆y =
y+ · ν
u∗

=
y+ · ν√

τw
ρ

(2.13)

With the wall shear stress, τw given as

τw = CF ·
1

2
ρ · U2

∞ (2.14)
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∆y =
y+ · ν√
CF · 12U2

∞

=
y+ · ν

U∞

√
CF

2

=
y+ · LPP
Re ·

√
CF

2

(2.15)

The friction coefficient can be found using ITTC-57s equation.

The thickness of the prism layer should contain the entire boundary layer, but there are two
issues with this; the boundary layer does not have a definite boarder, and more importantly,
the exact boundary layer is not known before the CFD-solution is ready. This means that the
boundary layer thickness must be found analytically or through an iterative process.

2.2.7 The trimmed cell mesher
To generate the volume mesh in the domain, the trimmed cell mesher can be used. The trimmed
cell mesher offers a robust and efficient method to generate a high-quality mesh for complex
geometries (CD-Adapco, 2016). The trimmed mesher combines several desirable meshing at-
tributes such as hexagonal cell topologies, alignment with user-specified coordinate system, and
ability to trim the core mesh so that it can accommodate complex geometries. This typically
results in a mesh of good quality with a high degree of orthogonality in the free stream flow.
By including volumetric controls, the mesh density can be increased or decreased locally to
ensure optimal mesh refinement in the critical areas. This mesher removes the cells that are
overlapping with the geometry.

2.2.8 Free surface modeling
To model free surface flow in STAR-CCM+ the Volume of Fluid, VOF, model is used. This
model is used when simulating surface gravity waves on the interface between a dense fluid and
a light fluid, such as water and air (CD-Adapco, 2016). For marine applications, the VOF model
is typically used with the 6-DOF Motion model, allowing the ship to move in the water. VOF
is a simple multi-phase model, well suited to simulate flows of immiscible fluids. The volume
fraction is defined as the ratio between the volume occupied by the phase, over the total cell
volume.

2.3 Challenges with CFD
Although the computational power has increased significantly over the last decades making it
possible to perform analyses with finer mesh grids and accurate results, there are still some
challenges for numerical calculations.

One of the problems in today’s CFD calculations is how to include the turbulence in the simu-
lations. The current state of CFD can quite accurately handle laminar flows, but turbulent flows
are still impossible to solve without involving simplified models. For industrial level of re-
search, RANS-solvers are used, and this solver does not calculate the turbulence accurately but
rather model the influence of the turbulence. The CFD results are therefore highly dependent on
the accuracy of the turbulence model. It is possible to solve the Navier-Stokes equations using
Direct Numerical Simulations that include the turbulence in the simulations, but currently these
simulations are only used for high-end research since DNS is highly computational demanding
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(Peric and Bertam, 2011).

Another aspect where the computational power is of interest is in the grid refinement. Prefer-
ably, the simulations would be run with a very fine mesh, but that would require significant
computational power. The results are greatly influenced by the mesh refinements of the simu-
lation, so it is crucial to run the simulations with an adequate grid. If the grid is too coarse, the
software will interpolate between the cells, and this might alter the results in the critical areas.
Thus, the grid generation must be done carefully and use finer grids in critical areas, and coarser
grids further away from the body.

A problem when meshing with different mesh refinements in the domain is that the cell size
varies throughout the domain. Variation in cell size may lead to an issue when the time step ∆t
is decided. The time step has to be low enough for the time integration scheme so that the fluid
flow through the cells are captured. An indication of whether the time step is small enough is the
Courant-Friedrichs-Lewy number given in Equation 2.16. For values of CFL-number smaller
than one, the distance traveled by the fluid is smaller than the length of the cell, indicating that
the time step is small enough. For large values of the CFL-number, the simulation produces
incorrect results. ux is the velocity in x-direction, ∆x is the cell size, and ∆t is the time step.

CFL = ux
∆t

∆x
< 1 (2.16)

An additional challenge of CFD is that CFD is highly complex and requires sufficient knowl-
edge and competence from the user. The software provides numerous functions to help users
solve complex tasks, but in some cases, these functions are used as black boxes, meaning that
the user does not know what the code executes behind the user interface. Commercial CFD-
software is not open code sources, which makes it hard to know which models and simplifica-
tions are used in the code. Thus, use of CFD-software requires experience and understanding
of the physical phenomena that are simulated. This requires a significant amount of hours of
training and failure, so the user should show great caution when evaluating the results from the
simulations.
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Chapter 3
Optimization of pre-swirl stators

3.1 Energy saving devices
There are many devices that can be used to improve the energy performance of new ships
and operating ships. Examples of such devices are pre-swirl devices, post-swirl devices, high-
efficiency propellers, wake equalizing, and flow separation devices (ABS, 2013). This section
explores the working principle of energy saving devices, ESD’s, and how to reduce the energy
losses of the propeller. Then the principles of optimization of pre-swirl stators will be discussed.
Parts of the theory presented in this chapter originates from the project thesis on energy saving
devices carried out during the fall of 2019 (Johansen, 2019).

3.1.1 Energy losses
The energy losses of a propeller can be divided into four main classes; momentum losses, rota-
tional losses, frictional losses, and hull interaction losses (Koushan, 2018). Parts of these energy
losses can be recovered by careful design or by introducing energy saving devices.

The largest energy loss component is the momentum loss factor. These energy losses are un-
avoidable but can be decreased in the design process. The momentum loss can be reduced by
maximizing the propeller diameter but are often limited by the draft or restrictions for the pro-
peller diameter.

The rotational losses are related to lost kinetic energy in the tangential and swirling velocities
in the slipstream of the propeller (Koushan, 2018). These losses can be decreased by mitigating
slipstream swirls through introduction of one or more energy saving devices. A pre-swirl device
may counteract the swirls, whereas a post-swirl device will convert the swirling velocities into
axial velocity.

There are also frictional losses caused by the frictional resistance on the propeller blades and
other propulsor components. This component is significant for propellers of high rotational ve-
locity. Adding additional devices, such as ESD’s, to the ship would in fact increase the frictional
losses even more.

Hull interaction losses originate from the interaction between the hull and the propeller. Hull in-
teraction leads to an inhomogenous wake, and thus decrease the propeller efficiency. With large
velocity differences through the propeller disk, the propeller can not work optimally through-
out the entire revolution. Inhomogeneous wake also leads to problems regarding cavitation and
vibrations on the propeller. Pre-swirl devices and ducts can be designed to change the inhomo-
geneous wake to a more even wake (Koushan, 2018).
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3.1.2 Working principles of ESD’s

Energy saving devices are devices designed to optimize the flow to, around, or behind the pro-
peller. ESDs can be fitted for new-builds or added to retrofit an operational vessel. Different
energy saving devices are evaluated on their contribution to the reduction of energy losses dis-
cussed in Section 3.1.1. Energy saving devices reduce energy losses in various ways such as
through reduction of kinetic energy losses, hull-propeller interaction losses, rotational energy
losses, or wake equalization. The energy saving devices are located in three schematic zones;
in front of the propeller, on the propeller or behind the propeller. (Carlton, 2007). In Figure 3.1
these three stages are defined as Zone I, II and III, respectively.

Figure 3.1: Zones to locate ESDs in the stern vicinity (Carlton, 2007)

Table 3.1 gives an overview and examples of ESD’s in the three positions, and how they act
on the flow to reduce the energy consumption of the ship. The table is created as a summary
from Carlton descriptions of energy saving devices in various positions relative to the propeller
(Carlton, 2007). The energy saving devices should reduce at least one of the energy losses,
but some ESD’s can improve the flow in multiple ways. Energy-savings up to 6% have been
reported for some ESD’s (ABS, 2013). The achieved energy-saving depends on many different
factors, such as hull lines, propeller loading and the operational profile of the ship.

Table 3.1: Working principles of ESD’s in different zones

Position Examples of ESD Working principles

Zone I
Pre-swirl stators, wake equalizing duct,
spoilers, stern tunnels.

Manipulate flow into propeller to improve the overall
efficiency by creating a more uniform wake and to reduce
the tangential velocities.

Zone II
Propeller duct, propeller with end-plates,
Grim Vane Wheel

Reduce the energy losses associated with propeller
hub vortices, losses from propeller rotation, or
convert slipstream energy to additional thrust.

Zone III
Rudder bulb, thrusting fins, boss cap
fins

Prevent flow separation and excessive vorticity
behind the hub or produce additional thrust from
tangential component Vθ in the slipstream.
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3.1.3 Device Compatibility

Although individual devices could offer energy savings up to 6%, the combined energy-saving
by applying multiple devices cannot be estimated by aggregating the individual savings for
each device. Use of one energy saving device might exclude or reduce the efficiency of another
device. However, several of the energy saving devices can be used in combination to gain addi-
tional energy-savings.

The effect of applying multiple ESD’s simultaneously must be carefully analyzed. Not all
energy saving devices are compatible with each other as some devices might alter or remove
the flow regimes the other devices work in. Compatibility of multiple ESD’s must therefore be
verified using model tests or CFD analysis. Figure 3.2 shows which of the energy devices that
are theoretically fully or partially compatible with each other.

Figure 3.2: Device Compatibility (ABS, 2013)
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3.1.4 Pre-swirl stators

Pre-swirl stators, PSS, are a type of pre-swirl device located in front of the propeller. The
number of fins can vary, but there are usually three to five fins. The fins manipulate the flow into
the propeller in the opposite direction of the propeller rotation to create a more homogeneous
wake. That means that for a right-hand propeller, the fins will be placed at the port side of the
stern, and for a left-hand propeller, the fins are placed at the starboard side of the stern. Stator
fins can be designed to improve the flow of both existing ships and new-builds. In general are
pre-swirl stators compatible with all ship types, ranging from bulkers, container ships, RORO’s
and gas carriers (ABS, 2013). Pre-swirl stators have shown to deliver energy-savings of 4%-
6% at self-propulsion depending on the conditions of the ship (Koushan et al., 2020), (ABS,
2013). Figure 3.3 show an example of a pre-swirl stator with a small nozzle ring to improve
strength. The figure illustrates how the stator fins redirect the flow into the propeller in the
opposite direction to the propeller rotation.

Figure 3.3: Pre-swirl stator (Wärtsilä, 2017a)

The PSS serves a multipurpose by both breaking up vortices due to separation in the stern region
and redirecting the flow into the propeller to equalize the wake. The pre-swirl stator’s purpose
is to optimize the wake at the propeller plane so that the propeller blades are more heavily and
uniformly loaded (van Terwisga, 2013). When the relative velocities are altered, the rotation
rate of the propeller can be reduced since the propeller blades will experience the same effec-
tive angle of attack. A reduction of rotational speed on the propeller will decrease the energy
consumption of the ship. Since the PSS is a passive fin system, it does not improve the overall
efficiency of the propulsor-ship system by creating thrust, but can rather decrease the rotational
kinetic energy losses and thus increase the axial kinetic energy and momentum flux, and thus
increase the thrust (van Terwisga, 2013). Implementation of a PSS will also modify the torque
since the propeller blades are more heavily loaded. This allows for a reduction of the propeller
rotational velocity at equal thrust, which in turn also reduces the friction losses of the propeller.

The pre-swirl stator alters the transverse nominal wake of the propeller so that the relative
velocities to the propeller blade differ less during one revolution. With reduced velocity differ-
ences, it possible to design a propeller with increased efficiency over the revolution. Figure 3.4
shows how the propeller efficiency is increased when a pre-swirl stator is used, and this leads
to energy savings for the system.
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Figure 3.4: Propeller efficiency with and without use of pre-swirl stator (Wärtsilä, 2017b)

3.1.5 Propeller boss cap fins

A propeller boss cap fins, PBCF, is an example of an energy saving device behind the propeller.
PBCF are devices that can be used alone or in combination with other ESDs such as pre-swirl
stators. The PBCF is designed to prevent flow separation and excessive vorticity behind the hub
of the propeller. When properly designed for the propulsion system, the PBCF may produce
additional lift force to the system. Propeller boss cap fins can be implemented in combination
with a pre-swirl stator to provide additional energy savings (Koushan et al., 2020). When using
only a pre-swirl stator there is still considerable kinetic energy downstream of the propeller, and
this can be utilized by a PBCF. An optimization study of PSS and PBCF combined could be of
interest, since this may lead to additional energy-saving for the system.

Since 1987 there has been a significant amount of research of the effect of the propeller boss
cap fins both numerically and experimentally for model scale and full scale. A large number of
PBCFs have been installed on all types of ships such as tankers, including VLCC, Container,
PCC, and ferries. Nojiri et al. analyzed the result for full-scale analyses for 16 different vessels
and found that the PBCF has an energy-saving effect of 2 to 10%, with an average of 5% (Nojiri
et al., 2011). These results are considerably higher than what is found for model scale and full
scale with use of numerical calculations.

Kawamura et al. carried out CFD analyses of propeller boss cap fins at model and full scale
Reynolds numbers with the intention of finding out why the energy-saving values are so much
higher for full scale than for model scale. The results of computations at different conditions
shows that increased Reynolds number and presence of hull wake both positively influence the
effects of PBCF. Due to the combined effect of the Reynolds number and the wake, the gain in
the propeller efficiency at the full-scale condition was found to be significantly larger than that
at the model test condition. For full-scale condition, the fin drag becomes smaller, and the re-
duction of the boss drag becomes larger. The predicted gain is however smaller than the values
reported in the sea trial and logbook analysis, and the remaining gap can be caused by interac-
tion between hull and rudder, or the surface roughness of the ship (Kawamura et al., 2012). The
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results of this report seems a little high, but it set focus on the issue of full-scale analysis since
it shows that the model scale results are quite far off from the logbook analysis.

Sun et al. performed a numerical and experimental study on the energy-saving of propeller boss
cap fins with the rudder included in the system and to see how the PBCF impact the hydro-
dynamic performance of rudders. Hydrodynamic experiments were carried out on propeller-
rudder systems with PBCFs in a cavitation tunnel. The experimental energy-saving effect of the
PBCF without a rudder was 1.47% at the design advance coefficient J=0.8. This study state that
the PBCF increase the resistance on the rudder due to an increased pressure at the leading edge,
which results in a reduction in the over-all energy-saving effect of the PBCF. When the rudder is
included in the system, the energy-saving effect decrease from 1.47% to 1.08% for an ordinary
rudder, and 1.16% for a twister rudder, this implies the importance of including the rudder in
the propulsion system when evaluating the energy-saving effects of PBCFs (Sun et al., 2016).

(a) Propeller without PBCF (b) Propeller with PBCF

Figure 3.5: Influence of PBCF (Sun et al., 2016)

22



3.2 Pre-swirl stator optimization

3.2.1 Design considerations

There are several design apects to take into consideration during the design process of a pre-
swirl stator. Koushan et al. states that the shape of the fins should be designed to maximize the
desired effect of the pre-swirl, and at the same time, minimize the separation, vortex shedding
and the strength of the tip vortex on the fins (Koushan et al., 2020). That means that each fin
should be designed to have the optimal pitch and camber along the span to give the optimal flow
features. When designing the PSS, it may be preferred to create a neutral PSS in terms of axial
force contributions and focus on the optimization of the flow into the propeller. A neutral PSS
means that fins are not designed to provide thrust to the system, but rather focus on improving
the efficiency of the propeller. Neutral PSS decreases the risk of giving an adverse effect on the
flow over the stern.

When exploring different designs for the pre-swirl stator, there are some geometric parameters
that should be studied (Koushan et al., 2020). These parameters include fin geometry param-
eters, such as fin radius, thickness, chord length, and pitch angle, as well as fin installation
parameters such as the position of PSS plane, number of fins, position of the fins, and fin instal-
lation angles should also be studied. Since a full optimization of all these parameters requires
considerable CPU time, only fin radius, angular position, and pitch angle are to be considered
in this thesis.

There are several phenomena that are essential to take into account in the design phase. To
make sure that the interaction phenomena between the hull, propeller, PSS, and rudder are
taken into consideration, the propeller must be implemented as a rotating propeller and not an
actuator disk. The optimization should also be performed in full-scale since Reynolds number
is higher for full-scale ships compared to model-scale. Different Reynolds number leads to a
different boundary layer, and the velocities distribution in the wake will not be similar (Regener
et al., 2018). This makes CFD is an efficient and powerful tool to analyze the performance of
pre-swirl stators since full-scale ships can be studied in detail (Koushan et al., 2020). Through
CFD-simulations, it is possible to analyze the velocities in the propeller slipstream, and that
way, give an insight into the performance of the PSS.

3.2.2 Optimization method

The optimal configuration of the pre-swirl stator is found from a comparison of the results
for different variations of the parameters radius, angular position, and pitch angle. There are
two adequate objective functions that could be used to quantify the efficiency of an ESD for
a given ship. One way is to maximize the increase of propulsive efficiency, and the other is
the maximize the achievable reduction of the shaft delivered power, PD. Since the simulations
will be performed with a fixed propeller rotational speed, the first objective function will be
used for this thesis. The increase in propeller efficiency is calculated as derived in Equation
3.1. In this equation, ηPSS and ηS is the propeller efficiency with and without implemented
PSS, respectively. By comparing the increase in propeller efficiency, ∆ηP , it is possible to
decide which parameter configuration that gives the largest energy saving. The wake field is
also interesting to compare since this can expose changes in the axial and transverse velocities
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at different sections of interest, thus also expose changes the axial and transverse kinetic energy.

∆ηP =
ηPSS
ηS

=

TPSS ·V
PDPSS

TS ·V
PDS

=

TPSS

PDPSS

TS
PDS

(3.1)

To find the optimal configuration of design parameters for the pre-swirl stator various combi-
nations are investigated. By varying one parameter at a time, the results could be compared to
see which configuration that gives the largest energy saving. Once the optimal configuration
for one parameter is found, this is used for the remainder of the simulations. This is the same
approach that is used by Kim et al. and is used to save considerable time and computational
effort (Kim et al., 2013). This method does not take the coupling between the parameters into
account like a formal optimization method, such as particle swarm optimization, would.

All the variations of the design parameters are summarized in Table 3.2. The optimization
process starts with finding the optimal fin radius, then the angular position, and at last, the
optimal pitch angle of the fins.

3.2.3 Radius of stator fins

The influence of the radius of the stator fins will be investigated by varying the radius from
the initial configuration. The initial configuration has a radius equal to 1.077R of the propeller
diameter. When varying the radius of the stator fins, it is essential to investigate if the resistance
increase from the fins (Kim et al., 2013). The PSS is investigated at radius values of 1.10R,
1.077R, 1.05R, 1.00R, and 0.90R. The radius that gives the best results will be used for the
optimization of the angular position and pitch angle. Figure 3.6 show the interval of which the
fin radius is varied. Only one fin radius smaller than the propeller radius is investigated since
the flow in the stern area contracts due to the hull shape.

Figure 3.6: The radius of the fins are varied between 0.9R to 1.1R. The radius in red corresponds to the
propeller radius.
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3.2.4 Angular position of stator
Next step of the optimization process is to find the optimal angular position for each of the
stator fins. By adjusting the angular position of the stator fins, the flow field will be altered, and
the hydrodynamic performance of the propeller might improve. By systematically adjusting
the angular position of each fin the optimal position can be found. Each of the fins is rotated
relatively to the initial set-up one blade at a time, starting with the lower fin, with positive
direction counter clockwise. The lower, middle, and upper fin is adjusted ± 5 degrees from the
initial position at 113, 67 and 22 degrees from the z-axis respectively. All angular configurations
investigated are given under Angular position in Table 3.2. Figure 3.7 shows how the stator fins
rotate relative to the original position.

Figure 3.7: How the fins are rotated. Positive direction is defined counter clockwise.

3.2.5 Stator pitch angle
The stator pitch angle plays an important role in the redirection of the flow into the propeller.
How the flow enters the propeller influence the efficiency of the propeller, and an improved flow
field will increase the hydrodynamic performance of the propeller. The stator fins are rotated
about its axis along the length of the fin. All fins are rotated at once, with increments of 4
degrees from the initial position at 91.0, 77.5, and 68.0 degrees for the upper, middle and lower
fins, respectively.

When finding the optimal stator pitch angle, the increase in propeller efficiency is compared
for the different configurations. It is also interesting to investigate the distribution of transverse
velocities into the propeller. By varying the stator pitch angle, the angle of attack on the pro-
peller may be improved, and the efficiency of the propeller increase. It is also important to keep
in mind that changing the pitch angle might increase the resistance due to drag.
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3.3 Optimization parameters
Table 3.2 gives an overview of the different configurations that are investigated for the design
parameters of the pre-swirl stator. 15 alternative solutions are evaluated to maximize the objec-
tive of maximizing the propeller efficiency. The results from the simulations are presented in
Chapter 5.

Table 3.2: PSS configurations investigated in the design parameter variation study

Optimization parameter Simulation No Upper Middle Lower Remarks
Fin radius 1 1.10R 1.10R 1.10R R is radius of propeller

2 1.077R 1.077R 1.077R Initial configuration
3 1.05R 1.05R 1.05R
4 1.00R 1.00R 1.00R
5 0.90R 0.90R 0.90R

Angular position 6 22 67 108 Degrees from z-axis
7 22 67 113 Initial configuration
8 22 67 118
9 22 62 108
10 22 72 108
11 18 67 108
12 27 67 108

Pitch angle 13 83.0 69.5 60.0
14 87.0 73.5 64.0
15 91.0 77.5 68.0 Initial configuration
16 95.0 81.5 72.0
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Chapter 4
Numerical set-up
This chapter presents the settings that are utilized for the numerical set-up. Star-CCM+ provide
multiple models for the numerical calculations so that the physical problem should be simulated
correctly. To investigate the how pre-swirl stators influence the hydrodynamic forces and the
wake field of a propagating ship, the the right physical models must be implemented in the
computational domain. The software used for the simulations is Star-CCM+, which is a full
range CFD software provides models for all parts of the simulation process.

4.1 Problem set-up
The numerical simulations are performed for a chemical tanker with LPP = 175.6m, and are
performed in full scale so that the wake will be similar to the real ship. The results from the
simulation are compared to Koushan et al.s numerical results for the same ship to evaluate the
numerical setup (Koushan et al., 2020). The set-up for the simulation is influenced by Koushan
et al.s CFD set-up for their study on pre-swirl stators in Star-CCM+.

The simulated ship velocity is set to be at the ship’s design velocity of 14 knots, corresponding
to 7.2016 m/s. Simulations are performed at design draught at 11.846m, and propeller rotational
speed of 1.472 rps. More of the main ship parameters are given in Table 4.1.

Table 4.1: Main ship and propeller parameters

Symbol Value
Length between perpendiculars LPP 175.60 [m]
Breadth moulded B 32.229 [m]
Draugth T 11.846 [m]
Block coefficient CB 0.8123
Ship velocity VS 7.2016 [m/s]
Propeller diameter D 6.5 [m]
Rotational speed n 1.472 [1/s]
Number of blades Z 4
Direction of rotation - Right-handed

The simulations are performed using two different domains; one with free surface and one using
double-body model. Double-body model means that the ship’s hull is reflected with a symmetry
plane at the waterline at rest, and the flow around the hull will be as it would in an undeformed
water surface without waves (Bertram, 2011). Using a double-body model gives faster con-
vergence, and thus shorter computational time. The difference between the resistance of the
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double-body model and the free surface simulation will be accounted as the wave making resis-
tance and will be added to the ship resistance without free surface when comparing the results
to the experimental data. Although it is known that the ESDs might affect the wave making
drag, this effect is considered limited and will be neglected in the simulations (van Terwisga,
2013).

When the wave making resistance is found, the rest of the simulations are executed in the do-
main without free surface. The resistance is found using the naked hull with rudder and then the
propeller is implemented later. For the simulations considering the pre-swirl stator a rotating
propeller is implemented so that the interaction between the hull, PSS, rudder and propeller is
taken into account.

The initial PSS is introduced when the set-up is verified. The simulations for the optimiza-
tion study are performed in two steps; first using moving reference frame, MRF, then followed
by rigid body motion, RBM. This is two-stage process is performed to provide an initial con-
dition for the RBM-model. Rigid body motion approach gives accurate results to this problem
but it a remarkably computational demanding model. Using a steady-state technique therefore
gives satisfactory initial values and will save a significant amount of time for each configura-
tion since the RBM-solver only have to be run for a short period until the results converge to a
quasi-steady state.

4.1.1 Domain

To keep the cell count in the domain to a reasonable level, the dimensions of the computational
domain must be set as small as possible while still accounting for the influence from the bound-
aries on the flow around the vessel. Table 4.2 show the dimensions used for the domains in the
simulations with and without free surface, respectively.

Table 4.2: General domain parameters with and without free surface

General domain parameters With FS Without FS
Length between perpendiculars LPP 175.60 [m] 175.60 [m]
Inlet position -4 ·LPP -4 ·LPP
Outlet position 4 ·LPP 4 ·LPP
Sides ±2·LPP ±2·LPP
Top 1 ·LPP Draught
Bottom -2 ·LPP -2 ·LPP

The domains with and without free surface have deviating boundary conditions due to different
simulation environments. Similar for both domain is that the inlet, bottom and sides are modeled
with velocity inlet, and the outlet is modeled with pressure outlet. For the domain with free
surface is modeled as velocity inlet, and in the domain without free surface the top region is
modeled as symmetry plane. Figure 4.1 shows the boundary conditions for the different regions
in the domain with free surface. For the free surface simulations, free surface damping function
was enabled at the boundaries of the virtual towing tank to avoid the wave reflections.
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Figure 4.1: Domain with applied boundary conditions for free surface simulations

4.1.2 Meshing
To maintain good results while keeping the cell count low, the mesh is generated so that there
is a finer in areas where there are expected large changes in the gradients. Figure 4.2 shows
that the cell size is coarse in the the domain, but that it becomes finer closer to the ship. This
apply to the area close to the hull, and especially near the bulb and aft of the ship. The region
close to the hull is subject to several mesh refinements, so that there is a smoother transition to
the coarser volume mesh. Trimmed mesher is used to create the mesh for the main fluid region,
containing the ship hull, rudder and PSS. This gives mainly a hexahedral mesh, with trimmed
cells at the wall surface of the input geometries. In the rotating region enclosing the propeller,
a polyhedral mesh is generated.

Figure 4.2: Mesh configuration in the domain
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Figure 4.3 shows the details of the mesh configuration aft of the ship. The mesh is significantly
finer at the skeg to capture bilge vortices since these will interact with the PSS and influence
the flow into the propeller. In the figure, the interface between the rotating domain and the fluid
domain can be seen as the square around the propeller. The fluid domain and the rotating domain
are set up as two individual regions with individual mesh refinements and motion specifications.

Figure 4.3: Details of the mesh configurations

Prism layer mesh is generated at the wall boundaries of the geometries to resolve the velocity
profiles in the boundary layer. The near-wall thickness and boundary layer thickness is set to
meet the desired wall Y+ levels. To reduce the computational effort, it is aimed to keep the
Y+-value is lowest at the most critical areas and higher for less critical areas. At the hull, the
averaged target Y+ values are 150, and 70 at the rudder and 30 at the propeller blades. Figure
4.4 shows the Y+ distribution at the different parts of the hull.

Figure 4.4: Y+ value at different parts of the hull
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4.1.3 Simulation set-up

Star-CCM+ provide many different models to make the simulations provide as correct physical
settings as possible for the specific physical environment. Central settings for the numerical
calculations are choice of turbulence model, time step, physics models, and motion settings.
Table 4.3 summarize some of the central CFD settings used for the simulations in the optimiza-
tion process. The simulations of the chemical tanker are completed using Star-CCM+ version
15.02.007.

Incompressible RANS equations are used to solve the governing equations in the domain, and
k − ω SST is used to model the turbulence. Realizable k − ε was also investigated but did not
attain the desired results. The k − ω SST model solves flow near the walls of the body as well
as the wakefield. An All y+ wall treatment model was used.

Table 4.3: CFD settings used in the simulations

Analysis condition Setting
Software Star-CCM+ Version 15. 02.007
Governing Equation Model Incompressible RANS equation
Turbulence Model k − ωSST
Wall Treatment All y+ wall treatment
Time solver Implicit unsteady
Temporal discretization 2nd-order
Rotation Method Rigid body motion

The free surface was simulated using the volume of fluid, VOF, multi-phase model. The calcu-
lations are performed with a fixed ship, so that the model does not have the ability to move in
heave and pitch. This is based on the assumption that the ship will not have large motions in
heave and pitch and is done to save computational time.

The simulations used to compare the different versions of pre-swirl stators are run without use
of free surface. For these simulations, instead of a free surface, the domain is modeled with
a symmetry plane where the free surface would have been. Similar as for the free surface
simulation, there is not implemented any trim to the vessel, so the symmetry plane is set at the
design draught of the ship.

When the rotating propeller is implemented, the time step is set to be corresponding to a two-
degree rotation of the propeller. So the time step for the is calculated to be 1/180th of the
propeller rotational speed. When the rigid body motion for the propeller is applied, the tempo-
ral discretization property is set to be second-order implicit unsteady. Second-order temporal
discretization is found to give more accurate results than first-order (CD-Adapco, 2016).

Figure 4.5 shows some of the relevant plane sections for the simulations. The plane sections are
called ’Propeller plane’ ’Inflow’ and ’ESD plane’ when they are mentioned later. The origin of
the ’Propeller plane’ is in the center of the propeller and indicates where the coordinate system
of the in the propeller is. The second plane section is ’Inflow plane’. This section is when
investigating the velocity flow into the propeller, and is located 0.65m upstream of the propeller
plane. This plane is used to avoid singularities, which might occur in the propeller plane. The
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third plane is the ’ESD plane’ and indicates where the PSS will be located. This plane is located
1.65m upstream for the propeller plane.

Figure 4.5: Relevant plane sections in the simulations
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Chapter 5
Results

This chapter presents the simulation results obtained from Star-CCM+. First, the simulations
with free surface are discussed. These provide the ship’s resistance coefficient including the
wave making resistance. Then the results from the simulations using double-body model are
presented, including the resistance coefficient without free surface, nominal and effective wake
of the ship. Following the results from the optimization will be presented. Through an opti-
mization study, multiple design configurations will be investigated in order to find the optimal
design configuration.

5.1 Numerical investigation

To validate the set-up for the simulations, multiple analyses were performed to check if the
set-up was adequate. There are many elements that influence the results of the simulations, and
to evaluate whether the set-up was satisfactory, the results were compared to the work done by
Koushan et al. (Koushan et al., 2020).

5.1.1 Domain with free surface

Ship resistance

To obtain similar results as Koushan et al. did in their study with the same ship, multiple meshes
and physics conditions were investigated. To validate the mesh in the simulations, the ship re-
sistance coefficient, CTS , was compared to Koushan et al. (2020)’s results. This coefficient
include contributions from pressure, friction and wave making resistance.

The main difference between the three meshes is how the cells are distributed throughout the
domain. Mesh 1 has finer mesh in the domain, but the mesh refinement close to the hull was
not created correctly. The prism layer mesh failed to solve properly for the velocities in the
boundary layer, and this strongly influenced the results. Mesh 2 has a better refinement in the
boundary layer, but still resulted in quite high Y+ values because the prism cells in the boundary
layer were too coarse. Mesh 3 had satisfactory refinement close to the ship, but was coarser in
the main domain. This was implemented to keep the cell count low while it did not influence
the results much. Mesh 3 gave considerably closer results to Koushan et al.. Table 5.1 sums up
the results for the total resistance coefficients for the different mesh refinements. Mesh 3 gives
satisfactory results and is used as base of the remainder of the simulations.
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Table 5.1: Total resistance coefficient for different mesh refinements

Mesh configuration CTS ∆CTS Number of cells
Mesh 1 0.00250 8.7% 7300000
Mesh 2 0.00215 -6.5% 9300000
Mesh 3 0.00233 1.3% 10730000

Wave making

Figure 5.1 displays the developed wave pattern from the simulation with free surface. In the
figure, one can see the general Kelvin wake pattern with a lateral and a transverse wake which is
expected for a ship in motion. A detailed analysis of the wave pattern has not been performed in
this project, but this plot of the wave elevation shows that the solution makes physically sense.
This also imply that the time step used for the free surface simulation is sufficiently small.

Figure 5.1: Wave pattern in free surface

Figure 5.2 shows the wave elevation at the hull using rhw volume of fluid model. This figure
visualize how air and water is distributed in the domain.

Figure 5.2: Wave elevation
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5.1.2 Domain without free surface
To achieve faster convergence, and thus shorter computational time, the free surface is replaced
by a double-body model. Instead of a free surface, there will be a symmetry plane at the
waterline. This domain saves computational effort because the VOF-equation does not have to
be solved, and there are fewer cells in the domain.

Resistance

The next step in the verification process of the numerical set-up is to investigate the resistance
coefficient, CTS , without free surface. The resistance coefficient is calculated using a rotating
propeller, and the results are compared to the study of Koushan et al.. The resistance coefficient
to be investigated include the contributions from additional resistance that originate from wave-
making resistance, bilge keels, tunnel thrusters, and aerodynamic resistance. The wave-making
resistance is assumed to be the difference between the free surface resistance and the resistance
without free surface and without implemented propeller. The ship resistance coefficients for the
different simulation configurations are listed in Table 5.2.

Table 5.2: Ship resistance coefficients for different simulation configurations

Resistance CTS
With free surface 0.00233
Without free surface, without propeller 0.00205
Without free surface, with rotating propeller 0.00271
Included additional resistance 0.00308

The ship resistance coefficient with all additional factors is calculated to be 0.00308. Koushan
et al. presents a value of 0.002976 for the ship resistance coefficient in their paper, giving a
3.5% difference between the current set-up and the set-up used in their simulations (Koushan
et al., 2020). These results are considered as satisfactory for this study and the optimization
process of the pre-swirl stators.

5.1.3 Nominal wake
The full-scale nominal wake field is obtained from the CFD simulations. These simulations are
performed with the naked hull, meaning that the propeller and pre-swirl stator are disregarded.
The nominal wake field for this set-up is compared to the wake field from the simulations per-
formed by Koushan et al. as a part of the verification process for the simulation set-up.

Figure 5.3a show the full-scale nominal wake computed in Star-CCM+ from the naked-hull
simulations, and Figure 5.3b is the full-scale nominal wake field obtained by Koushan et al..
The nominal wake fields show good agreement for the comparison of axial and transverse ve-
locities. The isolines present the axial velocities, and the vectors present the transverse veloci-
ties. It is possible to see that the isolines of the axial velocities seem to be changing similarly
at the same places, and the velocities have roughly the same values. From both figures, one
can see that the vortices on port side and starboard side give a rotation clockwise and counter
clockwise, respectively. These vortices originate from the motion of the flow around the hull.
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(a) Nominal wake with Star-CCM+ (b) Nominal wake presented in Koushan et al.s study
(Koushan et al., 2020)

Figure 5.3: Nominal wake at the propeller plane

5.1.4 Effective wake field

The effective wake field is an important tool to get a visual presentation of the velocities coming
into the propeller. The effective wave field can be used when predicting the hydrodynamic
performance of the propeller. Figure 5.4 illustrate the effective wake field at section ’Inflow’
0.6 meter in front of the propeller. The transverse velocities are also plotted with a scale in
Appendix A.1.

Figure 5.4: Effective wake field
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5.2 Fin radius

To find the optimal fin radius for the pre-swirl stator, multiple simulations was run using various
fin radii and the results are compared to the corresponding simulations without fins. The radii
used in the simulations are 0.9R, 1.0R, 1.05R, 1.077R and 1.10R. To decide which radius pro-
vides the most desirable results, the thrust, T, delivered power, PD, and resistance are compared.
It is also interesting to compare the transverse and axial velocity in front of the propeller.

When the flow is influenced by the pre-swirl stator, the propeller will deliver an increased level
of thrust. Figure 5.5 show how the delivered thrust is increased for all fin radius configurations.
In general, fins with radius 1.1R, 1.077R and 1.05R increase the delivered thrust the most.

It is necessary to study how the delivered power is influenced by the different fin configura-
tions. The delivered power is proportional to the torque on the propeller as seen in Equation
2.5, thus it is desirable to keep the torque as low as possible to reduce the fuel consumption.
Figure 5.6 shows how much the delivered power is increased for the different fins. Similar to
what is observed for the thrust, the longer fins seems to increase the delivered power the most.

Figure 5.5: Thrust T [N ] for various fin radii
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Figure 5.6: Delivered power, PD[W ], for various fin radii

In the process of finding the most optimal fin radius it is desired to find the configuration that
offers the largest increase in thrust while keeping the delivered power as low as possible. There-
fore it is valuable to evaluate the increase in propeller efficiency, which indicate the relation
between how much the thrust has increased compared to the increased delivered power with the
implemented PSS. Table 5.3 shows the average increase propeller efficiency and the average
increase of resistance. The average values are calculated over one period for all fin radii. It
is evident that the largest fin radius provides the greatest increase of propeller efficiency. This
configuration does also have the largest increase in ship resistance.

Table 5.3: Increase in propeller efficiency and ship resistance for various fin radii

Fin radius ∆ηP ∆RTS

Without fins 1.0000 1.000
0.90R 1.0377 1.033
1.00R 1.0436 1.041
1.05R 1.0456 1.044
1.077R 1.0466 1.047
1.10R 1.0469 1.186
1.05R n=1.4255 1.0682 1.031

Figure 5.7 show the resistance plot for the ship when different pre-swirl stators are implemented.
When pre-swirl stators are added to the ship, the resistance increase due to added wetted surface
and altered flow pattern. From the resistance plots is is possible to see that the longest fins give
the highest value of resistance for the ship. Although the resistance for the longest fin radius
gave suspiciously high values, it can be noted a trend of increased resistance for the longer fins.
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This must be taken into account when evaluating the optimal pre-swirl stator configuration. The
increase in resistance must not outweigh the increase in propeller efficiency.

Figure 5.7: Resistance, Rtship[N ] for different radius of the stator fins

Increased thrust and constant rotational speed on the propeller will lead to increased resistance
for the ship. Therefore it is desired to investigate how the resistance change when the propeller
rotational speed is decreased. From the propeller efficiency results in Table 5.3 and the resis-
tance plot in Figure 5.7 the fin with radius 1.05R is found to provide the best results when also
considering the increase in resistance. To get closer to the propulsion point and increase the
propeller efficiency, this configuration was simulated one more time with a lower propeller ro-
tation speed. The rotation speed is decreased with 3% from 1.4720 to 1.4255 rps, and in Figure
5.5, Figure 5.6 and Figure 5.7 the plots are shown with dashed lines. With the lower rotation
speed the thrust and delivered power are considerably reduced, but the propeller efficiency is
considerably increased, as shown in Table 5.3. From Figure 5.7 one can see that this results
in the lowest increase in resistance as well. The configuration with radius 1.05R and rotation
speed 1.4255 rps will be used for the remainder of the simulations.

Figure 5.8 show how the transverse and axial velocities are influenced by the pre-swirl stators.
Figure 5.8 is the effective wake field at section ’Inflow’ in front of the propeller. Due to the PSS,
there is an increase of flow retardation, meaning that the axial in front of the propeller velocities
are decreased. In Appendix A.2 the transverse and axial velocities for all fin radii are presented.
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(a) Without PSS (b) Fin radius = 1.05R

Figure 5.8: Distribution of the transverse and axial velocity on ’Inflow’ section in front of the propeller
without PSS and with fin-radius 1.05R

5.3 Angular position of stator fins
The optimal angular position is found by adjusting the position of the stator fins and study the
influence on the propeller efficiency and the resistance. Each of the fins are rotated five degrees
clockwise and counter clockwise starting with the lower fin, then middle and at last the upper
fin. Table 5.4 lists how the propeller efficiency vary with the different fin configurations. The
optimal solution for each of the fins are marked with a check-mark indicating which angular
position that provides the best results. From the results one can see that the best configuration
is when the lower fin is rotated five degrees clockwise, the middle fin kept in initial position,
and the upper fin is rotated five degrees counter clockwise.

Table 5.4: Configurations of angular positions investigated in the optimization process

Configuration Upper Middle Lower Propeller efficiency Preferred config.
Lower fin optimization 22 67 108 1.0686 X

22 67 113 1.0682
22 67 118 1.0674

Middle fin optimization 22 62 108 1.0678
22 67 108 1.0686 X
22 72 108 1.0681

Upper fin optimization 18 67 108 1.0677
22 67 108 1.0686
27 67 108 1.0694 X

From Table 5.4 it can be seen that the propeller efficiency does not change much among the
different configurations. It differs only 0.2% from the lowest propeller efficiency to the highest,
indication taht the angular position does not influence the propeller efficiency significantly. The
same yields for the ship resistance. As plotted in Figure 3.7, the resistance does not change
much when the angular positions are altered. Because the propeller efficiency and ship resis-
tance are nearly constant for all configurations, it is not obvious which configuration to choose.
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However, for the remainder of the simulations, the configuration having upper, middle and lower
fins located at 27, 67, and 108 degrees from the z-axis is used since these angular positions gave
slightly higher increased propeller efficiency. Figure 5.10 shows the angular position of the
stator fins before and after the optimization. The fins indicated with pink color are the initial
angular configuration, whereas the fins in gray are the optimized configuration. As seen in the
figure, the middle fin is kept at its initial position, the lower fin is rotated 5 degrees clockwise,
and the upper fin is rotated 5 degrees counter clockwise.

Figure 5.9: Resistance, Rtship[N ], for different angular positions of stator fins

Figure 5.10: Initial angular configuration is indicated with pink color, and the optimized fins are indi-
cated with gray
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5.4 Stator pitch angle
The pitch angle of the stator fins are rotated in both directions from the initial configuration
with increments of 4 degrees. Since this is the final step in the optimization process, the optimal
configuration of the stator pitch angle will represent the final design.

From Table 5.5 it can be seen that the stator pitch angle strongly influence the propeller ef-
ficiency, ∆ηP . The pitch of the stator fins is highly relevant when reorienting the flow into the
propeller, and manipulation of the flow results in altered angle of attack for the propeller blades.

Table 5.5: Increase in propeller efficiency and ship resistance for various stator pitch angles

Stator pitch angle ∆ηP ∆RTS Remark
83.0, 70.5, 61.0 1.0851 1.0472 Minus 8 degrees
87.0, 73.5, 64.0 1.0762 1.0399 Minus 4 degrees
91.0, 77.5, 68.0 1.0694 1.0331 Initial pitch position
95.0, 81.5, 72.0 1.0593 1.0253 Plus 4 degrees

Figure 5.11a-e provides a better insight on the influence of pre-swirl stators. These figures
presents the tangential velocity distribution at the ’Inflow’ plane in front of the propeller. These
plots show how the various pre-swirl stators influence the flow around the propeller. Figure
5.11a shows the tangential velocity without pre-swirl stators, and Figure 5.11b, c, d, and e
shows the tangential velocity for different pitch angles for the stator fins. These plots are also
provided in Appendix A.3 for larger figures.

Positive tangential velocities are defined clockwise, and are represented in the red spectrum
of the color bar. From Figures 5.11b, c, d and e, one can notice a reduction in positive swirl at
the port side of the vessel. The pre-swirl stator breaks up the vortices from flow separation on
the hull, and thus the tangential velocities on the port side is reduced. Since the propeller has
a clockwise rotation, this means that the relative velocity between the flow and the propeller
increase, and thus the angle of attack of change. The tangential velocities are also altered at
starboard side of the vessel, although the PSS is located on port side. It is observed that all PSS
configurations results in increased negative swirl in the outer sections of the propeller.

From Table 5.5 it was observed that the PSS configuration with fins pitch angle rotated mi-
nus 8 degrees results in the highest increase in propeller efficiency. This configuration also
gives the highest added resistance, but since this study is performed with a fixed ship velocity
and propeller rotational speed, the main focus is on the increase in propeller efficiency. This
means that the best fin configuration is the one where the fins are rotated -8 degrees in pitch
angle.
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(a) Without fins (b) Pitch rotated +4 degrees

(c) Pitch initial position (d) Pitch rotated -4 degrees

(e) Pitch rotated -8 degrees

Figure 5.11: Distribution of the tangential velocity on ’Inflow’ section in front of the propeller for
various stator pitch angles
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5.5 Optimized configuration
In this section a visualization of the influence of PSS is presented. For this study, the PSS de-
sign that resulted in the largest increase in propeller efficiency is used. From the optimization
study, the optimal design parameters have been found to be a fin radius of 1.05R, angular posi-
tion rotated to 27, 67, and 108 degrees from the z-axis, and pitch angle rotated -8 degrees from
initial position. The propeller rotational speed has also been reduced with 3% from 1.4720 rps
to 1.4255 rps, so move closer to the self-propulsion point.

From the following figures, the effect of the pre-swirl stator on the flow direction, pressure
distribution and vorticity is investigated. Figure 5.12 and Figure 5.13 shows the streamlines at
the hull, distribution of pressure coefficient at the hull and the hub vortex for the hull without
PSS and with PSS, respectively. These figures illustrates how the pre-swirl stator serves a mul-
tipurpose through influencing the flow in different ways.

In Figure 5.12 the vortex due to separation in the stern area is detectable in the streamlines
constrained to the hull. In Figure 5.13 one can see that the vortices in the stern area is canceled
out by the pre-swirl stator. This provides a more uniform wake for the propeller so that the
propeller blades are more heavily and uniformly loaded. This occurrence is what is happening
in Figure 5.11b-e where the positive tangential velocities are reduced.

The streamlines from the hub is colored by the magnitude of the vorticity. The strength of
the hub vortex is decrease when the pre-swirl stator is implemented. The hub vortex seems to
be more concentrated right behind the propeller hub, and is more parallel to the x-axis. The
kinetic energy in the flow behind the hub is reduced, from reduction of tangential velocity. Be-
hind the propeller, the tangential component creates rotational kinetic energy losses in the swirl.
These tangential components of kinetic energy does not give any acceleration of fluid that con-
tribute to the propulsion of the ship, so is is desired to reduce them.

When investigating the pressure coefficient for the hull and rudder, it can be seen that the pres-
sure peak at the leading edge of the rudder is reduced from the PSS. In this scale the differences
in pressure coefficient is hard to investigate, so a better visualization of the pressure coefficient
of the propeller blades is provided in Figure 5.14.
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Figure 5.12: Streamlines over the stern and pressure coefficient distribution on the vessel surface withput
pre-swirl stator

Figure 5.13: Streamlines over the stern and pressure coefficient distribution on the vessel surface with
pre-swirl stator
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Figure 5.14 shows the distribution of the pressure coefficient, CP on the propeller hub and
blades for the cases without PSS and the optimized PSS. The pressure coefficient imply the
cavitation domains of the propeller, but is not a formal cavitation test, so a proper cavitation
should also be performed.

At the hub the pressure difference is reduced due to weaker hub vortex. The propeller blades
experience a favorable effect on the pressure coefficient on the suction side. With pre-swirl
stator, the suction side experience a smaller area with the lowest pressure coefficient.

The low pressure coefficients on the suction side of the configuration should be investigated.
Root cavitation could be a problem for propellers with implemented pre-swirl stators. For these
locations, the local cavitation number, σ0 should be evaluated to assess the risk of cavitation. On
the pressure side of the propeller in Figure 5.14c the pressure coefficient is observed to increase
at the blade tip in the wake peak area. This could indicate risk of tip cavitation, that could result
in damages on the propeller, vibration, noise or other undesirable effects from cavitation.

(a) Pressure side without PSS (b) Suction side without PSS

(c) Pressure side with PSS (d) Suction side with PSS

Figure 5.14: Pressure coefficient contours on the surface of the propeller blade
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Chapter 6
Conclusion
A series of numerical simulations have been performed to optimize a pre-swirl stator for a chem-
ical tanker. A comparison study verified the numerical set-up, and through several iterations of
the mesh and physical set-up, the results was satisfactory. The verification process shows that
the numerical results have good agreement with the study performed by Koushan et al.. The
comparison study investigated the nominal wake and the resistance coefficient for the ship with
and without free surface. The free surface simulations was used in the validation process of the
numerical set-up. Double-body model was later implemented to save considerable computa-
tional time. The obtained values for the resistance coefficient was found to be almost identical
to the aforementioned study and was found to be within acceptable range. The results from this
study showed that the set-up was adequate for the optimization study of the pre-swirl stators.

16 different pre-swirl design configurations were investigated in the optimization process. By
systematic variation of the design parameters, the various configurations were investigated
through numerical computations. The optimal design parameters were found through inves-
tigation of the propeller efficiency, wake, and increase in resistance. The velocities into the pro-
peller were studied to understand how the pre-swirl stators influence the flow into the propeller.
The propeller experience a modified angle of attack when the inflow velocities are altered. This
means that the rotational speed of the propeller can be reduced, while still experiencing the
same effective angle of attack, and thus reduce the energy demand. The propeller rotation was
reduced by 3%, and this showed significant results.

From the simulations, it shows that the stator fin radius and the stator fin pitch angle had the
most significant influence on the propeller efficiency. It was evident that the angular position
did not influence the propeller efficiency notably. Nine different angular positions of the fins
were investigated, but none of the configurations stand out. This may imply that the angular
position was not varied enough, or that it does not influence the flow to a large extent.

From the results, it is evident that all design configurations gave an increased propeller effi-
ciency compared to the case without PSS. The objective of the thesis was to increase the pro-
peller efficiency, so that the fuel consumption of the ship is reduced. The optimal design gave
an increase in propeller efficiency by 8.51% compared to the case of no PSS, and 3.85% more
than the initial PSS configuration. This is deemed satisfactory results, and would contribute to
a reduced fuel consumption. This design configuration increase the average relative resistance
with 4.72% compared to the ship without PSS. Since the study was carried out with a fixed
rotational velocity of the propeller, the resistance increase when the thrust increased. Increased
resistance does not weigh in as heavy as the increased propeller efficiency for the decision of
which PSS configuration is optimal, since the resistance could go down with another propeller
rotation velocity.
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From analyzing the results from the simulations, it is found that the hub vortex is reduced
by the PSS, and the swirl in front of the propeller is canceled out. The pressure distribution
is also influenced when the PSS is implemented. On the propeller the low-pressure area de-
crease, but new low-pressure areas appear near the root of the propeller. This should be further
investigated.

6.1 Further work

6.1.1 Propeller boss cap fins

A possible extension to the work in this thesis would be to investigate the potential of imple-
menting propeller boss cap fins, PBCF, in combination with the pre-swirl stator. These are
compatible devices, and the PBCF could make use of the remaining energy in the hub vortex
and thus provide additional energy reduction for the ship. In Figure 5.13 it is evident that despite
implementation of a PSS, there will still excist a hub vortex behind the propeller. A implemen-
tation of PRBC to reduce the hub vortex, could also result in reduced stern vibration, provide
lower propeller noise and reduce risk of rudder erosion.

The PBCF may also be designed to provide additional lift from the kinetic energy. Using
the numerical set-up presented in this thesis, a potential next step would be to assess whether
additional reduction of energy losses is possible be by implementing a PBCF. The PSS and the
PBCF would also influence the rudder, since there will be less rotational energy to utilize. Thus,
it is crucial to include the interaction phenomena for the entire system including hull, ESD’s,
rotating propeller and rudder.

6.1.2 Other optimization parameters

In this project the stator was optimized for the design parameters fin radius, angular position and
fin pitch angle. Other fin geometry parameters such as fin tip radius, distribution of chord length
and thickness of fin could also be targets for further investigation. Also installation parameters
such as longitudinal position of PSS plane and number of fins could have been investigated
further to see if it is possible to improve the propeller efficiency even more than what is found
in this study.

In the simulations the propeller rotational speed is fixed. Since the simulations are not set
up as self-propulsion tests the velocity does not increase even if the thrust of the propeller is
increased. Preferably, the simulations should have been performed through a self-propulsion
simulation. An alternative study would be to investigate how variation of rotational speed influ-
ence the results.

The propeller performance should also be verified at other speeds and drafts since these pa-
rameters will influence the inflow to the ESD and propeller. All simulations performed in this
thesis is performed at design point of the ship with a velocity corresponding to 14 knots and
draft of 11.846m.
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6.1.3 Optimization method
Through a formal optimization study, for example generic algorithm or particle swarm opti-
mization, the coupled effect between each of the parameters could have been studied. This
method would have tested more combinations of the design parameters together, and better
configurations could have been detected. A optimization study like this would require extensive
computational power since there would have been more possible combinations to investigate.

For a formal optimization study, it would be beneficial to design the workflow of the optimiza-
tion so that the design exploration is partially automated. One example of a partial automation
of the optimization process is use of makros in the numerical simulations. That would save
considerable amount of time, since the input to the simulations would have been updated auto-
matically.

6.1.4 Propeller cavitation analysis
From the results it is seen that the pre-swirl stator that provides the highest increase in pro-
peller efficiency have some areas where the pressure coefficient should be investigated further.
Through a formal cavitation test, it could be clarified how big the risk of cavitation is in this
environment. PSS have a tendency to increase risk of root cavitation on the propeller, thus a
cavitation analysis would be of high value.
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Appendix A
Results from CFD simulations

A.1 Effective wakefield

Figure A.1: Transverse velocities in effective wake field at section ’Inflow’ in front of the propeller

Figure A.2: Axial velocities in effective wake field at section ’Inflow’ in front of the propeller
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A.2 Fin radius optimization

(a) Without fins (b) Fin radius = 0.90R

(c) Fin radius = 1.00R (d) Fin radius = 1.05R

(e) Fin radius = 1.077R (f) Fin radius = 1.10R

Figure A.3: Distribution of the transverse and axial velocity on ’Inflow’ section in front of the propeller
for various fin radii, seen from downstream

iv



A.3 Pitch angle optimization

Figure A.4: Tangential velocities at section ’Inflow’ without PSS

Figure A.5: Tangential velocities at section ’Inflow’ fins pitch rotated -8 degrees
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Figure A.6: Tangential velocities at section ’Inflow’ fins pitch rotated -4 degrees

Figure A.7: Tangential velocities at section ’Inflow’ with initial pitch angle of the fins
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Figure A.8: Tangential velocities at section ’Inflow’ with initial pitch angle rotated +4 degrees
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