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Summary

This project focuses on enhancing the design of fuel-efficient ships by accurately predicting
power requirements, considering the interactions between various ship components such
as the hull, propeller, appendages, and machinery. These interactions are critical for
balanced powering, which directly influences fuel consumption, operational costs, and
environmental impact. Traditional power prediction methods typically assume calm water
conditions, overlooking the significant effects of waves on ship performance, including
changes in ship motions, resistance, wake, speed, and propeller/engine load.

The project aims to address these limitations by investigating propeller-hull interaction
effects under both calm water and regular head wave conditions, using model-scale
numerical simulations. The study is structured in three phases: examining the bare hull, the
propeller alone (Propeller Open Water or POW), and the self-propelled hull. For the bare
hull, both Fully Nonlinear Potential Flow (FNPF) and Computational Fluid Dynamics
(CFD) methods are used, particularly the Reynolds-Averaged Navier-Stokes (RANS)
approach. The POW and self-propelled hull analyses rely solely on the RANS method. A
Verification and Validation (V&V) procedure ensures the accuracy and reliability of these
computational models.

Results from these numerical methods closely match experimental data, providing valuable
insights into the hydrodynamic performance of ships, particularly in understanding the
flow physics involved in propeller-hull interactions. This project's findings are essential for
optimizing ship and propeller designs under more realistic environmental conditions than
previously considered, ultimately contributing to the development of more energy-efficient
and environmentally friendly maritime vessels.
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Sammanfattning

Detta projekt fokuserar pa att forbittra designen av brinsleeffektiva fartyg genom att
noggrant forutsiga effektbehov, med hinsyn till interaktioner mellan olika
fartygskomponenter som skrov, propeller, bihang och maskineri. Dessa interaktioner ar
avgorande for balanserad effektoverforing, vilket direkt paverkar bransleforbrukning,
driftskostnader och miljopaverkan. Traditionella metoder f6r prediktering av
framdrivningseffekt vanligtvis stilla vattenférhallanden och bortser fran vagors betydande
effekter pa fartygsprestanda, inklusive forindringar i fartygsrorelser, motstand, svall,
hastighet och propeller-/motorbelastning.

Projektet syftar till att atgarda dessa begrinsningar genom att underséka propeller-skrov-
interaktionseffekter under bade lugna vattenférhallanden och regelbundna motsjévagor,
med hjilp av numeriska simuleringar 1 modellskala. Studien ar uppdelad i tre faser:
undersokning av det nakna skrovet, endast propellern (Propeller Open Water eller POW),
och det sjilvgiende skrovet. For det nakna skrovet anvinds bade Fullstindigt icke-linjar
potentialflédesmetod (FNPF) och Computational Fluid Dynamics (CFD)-metoder,
sarskilt Reynolds-Averaged Navier-Stokes (RANS)-metoden. Analysen av POW och det
sjdlvgaende skrovet forlitar sig enbart pa RANS-metoden. En verifierings- och
valideringsprocedur (V&V) siakerstiller noggrannheten och tillforlitligheten 1 dessa
berakningsmodeller.

Resultaten fran dessa numeriska metoder Gverensstimmer nira med experimentella data
och ger virdefulla insikter i fartygens hydrodynamiska prestanda, sirskilt i forstaelsen av
de stromningsfysikaliska aspekterna involverade i propeller-skrov-interaktioner. Projektets
resultat dr visentliga fOr att optimera fartygs- och propellerdesign under mer realistiska
milj6férhallanden dn tidigare beaktade, vilket i slutindan bidrar till utvecklingen av mer
energieffektiva och miljovinliga sj6fartsfartyg.
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1 Introduction

The shipping industry, while being the most efficient and cost-effective mode of cargo
transport, remains a significant contributor to global greenhouse gas emissions. Growing
environmental awareness and stringent international regulations have driven technological
advancements and efforts to improve energy efficiency within the industry. One key
strategy is to reduce the operational power of ships, motivated by both environmental
concerns and the desire to lower fuel consumption and costs. For ship owners and
designers, accurate power predictions during the design process are crucial to avoid
unbalanced powering, which can increase operational costs and environmental impact.

Traditionally, power predictions for ships have been based on calm water conditions,
which are not representative of the actual conditions experienced during voyages. In
realistic sea conditions, ships encounter factors like added resistance due to waves, wind,
and ship motions, along with changes in propulsive efficiency. These can result from
propeller underload/ovetload, variations in the wake into the propeller, propeller
ventilation or emergence, and voluntary speed reductions to avoid issues like green water,
slamming, or excessive accelerations. To account for these factors, designers often add a
"sea margin" of 15-25% to ensure adequate power, although this can lead to underpower
or overpower situations.

Waves significantly influence ship hydrodynamics, affecting ship motions, resistance, wake,
and propeller/engine load compared to calm water. This added resistance and the vatiation
in propulsive factors can degrade ship performance, requiring more engine power than in
calm water conditions. Additionally, large amplitude motions in rough seas can
compromise structural integrity and safety for crew and cargo. Thus, predicting ship
performance in waves is crucial, especially in the early design stages.

Research on ship hydrodynamic performance in calm water and waves has employed
experimental, empirical, and numerical methods. While experimental methods, like towing
tank and seakeeping basin tests, offer high accuracy, they are costly and time-consuming.
Empirical methods, based on statistical correlations from experimental data, provide
quicker and cheaper estimates but lack the precision of more detailed methods.

Since the 1950s, computational methods have advanced, with techniques ranging from
Potential Flow methods to Computational Fluid Dynamics (CFD). Potential Flow
methods, which assume the flow is inviscid, incompressible, and irrotational, offer
computational efficiency but may require empirical adjustments for viscous effects. In
contrast, CFD methods, particularly those based on the Reynolds-Averaged Navier-Stokes
(RANS) equations, provide more accurate predictions by handling complex flow physics,
albeit at higher computational costs.

The choice of method depends on the problem's specifics, required detail level, and
available resources. Numerical methods offer the advantage of detailed flow information,
often combining model tests with numerical predictions to validate results and gain deeper
insights into ship hydrodynamics.

The project focuses on understanding the effects of propeller-hull interactions on ship
performance in calm water and regular head waves. By simplifying the problem—ignoring
machinery and other appendages besides the propeller and focusing only on regular head
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waves—the research aims to grasp the fundamental flow physics before tackling more
complex scenarios. Regular head waves, initiating primarily surge, heave, and pitch
motions, present a more straightforward case for analyzing the interaction between the
hull and propeller.

The findings from these studies are essential for optimizing ship designs under realistic
conditions, helping to improve energy efficiency and reduce the environmental impact of
maritime transport. This research aims to provide a more accurate understanding of the
power requirements and hydrodynamic behavior of ships in waves, ultimately supporting
the development of more fuel-efficient and environmentally friendly vessels.
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2 Scope

A seaway may contain waves with various heights and lengths propagating in different
directions, hence for a full analysis of ship performance in waves, a broad range of
environmental and operational conditions have to be considered. Moreover, the ship
hydrodynamic responses may be subject to various correlated factors originating from the
interaction effects between different ship components (e.g., hull, propeller, appendages
and engine) in such environmental and operational conditions. These turn the full analysis
of ship performance in waves into an extremely cumbersome, if not impossible, task.
However, from a hydrodynamic engineering perspective, the focus lies on understanding
the flow physics around a ship in waves. Therefore, as with any engineering approach, it is
essential to simplify the problem in the initial step and comprehend the underlying physical
phenomena in simplified scenarios before extending the analysis to more complex
circumstances.

A proper candidate for the initial stages of investigations, which is opted for in this work,
is to study the propeller-hull interaction effects on the ship performance in calm water and
regular head waves. Disregarding the interaction effects imposed by machinery and all
other appendages except the propeller reduces the complexity of the interaction effects
between the hull and propeller as the primary ship components. Furthermore, only the
regular head waves are taken into account due to their comparatively simpler impacts on
the hull and propeller hydrodynamic performance and the involved flow physics, e.g.,
initiating primarily surge, heave and pitch, as the key entailed motions and relatively less
sophisticated wake field encountered by the propeller. The investigations of the propeller-
hull interaction effects in calm water and regular head waves can provide valuable insight
into the impacts of waves on the ship hydrodynamic performance, hence contributing to
the more efficient ship powering in the near-service scenarios. The main research question
to examine in this research is the impacts of regular head waves on the propeller-hull
interaction effects in comparison to calm water operational conditions.
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3 Objectives
The key objectives of this project are:

e To map the factors contributing to the hydrodynamics of propeller-hull interaction
effects in regular head waves and gain insight into the associated flow physics;

e To compare the propeller-hull interaction effects on the ship performance in calm
water and regular head waves;

e To comprehend the challenges of propeller performance in regular head waves and
identify potential design constraints imposed by the flow dynamics;

e To assess the application of computational methods with different levels of fidelity
and their correspondence with experimental methods.

These objectives are achieved through performing numerical investigations of the ship and
propeller in calm water and regular head waves. The results are then validated against
experimental measurements, followed by an extensive analysis of the associated flow
physics using the computational results. This study may provide a clearer understanding of
ship hydrodynamic performance in more realistic conditions, which may be beneficial for
ship and propeller designers to optimize their designs or introduce new technological
solutions. Consequently, such advancements can contribute to various aspects of the
marine industry, including environmental impacts, economic considerations, and safety-
related measures.
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4 Methodology

In order to obtain a clearer understanding of the impact of waves on the propeller-hull
interactions, first, the influence of regular head waves on each component (propeller or
hull) is studied separately. This allows for isolating the effects of waves on the propeller
and hull performance before diving into analyzing the more intricate combined interaction
effects. Therefore, the investigations are carried out in three distinctive steps as follows:

1. Analysis of the bare hull in calm water and regular head waves.

2. Analysis of the propeller open water performance in calm water and regular head
waves.

3. Analysis of the self-propelled hull in calm water and regular head waves.

A schematic representation of these steps is shown in Figure 1. The bare hull investigations
in step 1, illustrated in Figures 1 (a) and 1 (b), are conducted using two different
computational methods: a Fully Nonlinear Potential Flow (FNPF) panel method and a
CFD method using a RANS approach.

The utilization of the FNPF method is found to be beneficial for investigations of the bare
hull motions and resistance in calm water and regular head waves, as the main ship motions
are surge, heave, and pitch, which are less affected by viscosity. This enables investigations
in a broader range of operational conditions due to the lower computational demand in
the FNPF solver. The results of such studies are used to understand the overall behavior
of the hull in regular head waves with regards to the ship motions and resistance as well as
their correlation.

Thereafter, a RANS solver is employed to study the bare hull performance, because the
investigations in Step 1 focus not only on the ship motions and resistance but also its
nominal wake. The RANS solver is capable of predicting the complex interactions between
the boundary layer and incident waves and providing comprehensive flow field
information, which is not achievable in the FNPF method. Prior to the hull performance
investigations in regular head waves, a numerical wave propagation study is carried out in
an empty computational domain in the absence of the hull to examine the quality of regular
head waves in the RANS computations relative to the corresponding analytical waves.

Through comparison of the bare hull behavior in regular head waves to that of calm water,
the effects of such waves on the bare hull hydrodynamic performance are examined. A
general overview of the physical aspects of different contributing factors is obtained.
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(a) Bare hull in calm water (b) Bare hull in regular head waves.
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(c) Propeller in calm water. (d) Propeller in regular head waves.
(e) Self-propulsion in calm water. (f) Self-propulsion in regular head waves

Figure 1: Schematic decomposition of the conducted research

While the operational condition for a ship's propeller is inherently complex due to the ship
motions and wake variations, it remains necessary to study the propeller performance
under controlled operational conditions to gain insights into performance deviations in the
challenging conditions encountered behind the hull. A set of model tests as well as RANS
computations are conducted in order to perform the Propeller Open Water (POW)
investigations in calm water and regular head waves in step 2, depicted in Figures 1 (c) and
1 (d). The evaluated impacts of regular head waves on the POW performance provide
primary insights into the propeller performance characteristics such as thrust, torque, and
efficiency, and the deviations with respect to the calm water condition.

In the final step of the investigations, step 3 shown in Figures 1 (e) and 1 (f), the
performance of the self-propelled ship in calm water and regular head waves is examined
using the RANS solver. The knowledge gained in the previous steps helps the analysis of
the impact of regular head waves on the propeller-hull interactions.

Before analyzing the hydrodynamic performance of the hull and propeller using the
achieved numerical results in these three steps, comprehensive validation of the employed
numerical tools is carried out using a collection of experimental data corresponding to the
respective conditions. It is worth mentioning that the experimental measurements of the
POW investigations in step 2 are carried out within the framework of the current project,
while the remaining experimental data is acquired from other sources.

A formal verification and validation (V&V) procedure is applied in order to understand
and control the numerical and modeling uncertainties/errors in the RANS computations.
Verification is a purely mathematical exercise that intends to show that we are solving the
equations correctly, whereas validation is an engineering practice that intends to show that
we are solving the right equations. In this work, the main focus of the verification
(uncertainty analysis) is on a systematic grid convergence study.

The novelty of this research can be characterized through its concise and comprehensive
approach to explaining the flow physics involved in the impacts of waves on ship
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hydrodynamic performance. The investigations begin at the component level, addressing
the isolated effects of waves on the hull and propeller, and conclude with a holistic

perspective examining their interaction effects.

5 Highlighted Findings

This work explores methods to enhance the understanding of ship hydrodynamic

performance in realistic environmental conditions, focusing on propeller-hull interactions

in regular head waves. The study aims to elucidate the flow physics contributing to these

interactions and their effects on overall ship performance.

Key Findings:

1. Bare Hull Investigations:

Using the Fully Nonlinear Potential Flow (FNPF) method, we observed a notable
secondary peak in the added wave-making resistance coefficient at shorter
wavelengths, particularly when the wavelength approximated half the ship's length.
This finding highlights complex dynamics between ship motions and wave-making
resistance.

The Reynolds-Averaged Navier-Stokes (RANS) simulations revealed that added
shear resistance in waves can significantly contribute to total added resistance,
contradicting the common assumption of equal frictional resistance in both waves
and calm water. This has implications for accurate propeller unloading calculations
at the self-propulsion point.

Significant variations in the nominal wake were observed under regular head wave
conditions, with axial velocity components increasing by 9.8% to 21.3% compared
to calm water. This variability is critical for designing and optimizing wake-adapted
propellers.

2. Propeller Open Water Investigations:

The RANS computations showed that wave orbital velocities alter propeller
performance, with efficiencies near the optimal advance ratio being approximately
5% lower in waves than in calm water.

3. Self-Propelled Ship Investigations:

There was significant load variation on each propeller blade during wave encounters,
potentially leading to design and material challenges, particularly concerning
cavitation and noise.

The common assumption of consistent thrust deduction factors and wake fractions
across calm water and wave conditions was found to be inaccurate. The thrust
deduction factor varied significantly with wave conditions, showing reductions
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between 12.8% and 26.1% compared to calm water. These changes were attributed
to alterations in boundary layer contraction/expansion and vortical structure
dynamics.

4. Computational Challenges and Insights:

- Free surge simulations using a weak spring system were computationally intensive
but provided a more realistic representation of ship performance. The RANS
method, while detailed, was costly, especially for self-propulsion simulations.

- The FNPF method proved cost-effective for identifying critical operational
conditions, suggesting a combined approach of using both FNPF and CFD methods
for comprehensive analysis.

5. Implications and Recommendations:

- The findings underscore the importance of considering wave effects on propeller-
hull interactions, especially for designing wake-adapted propellers. Variations in
thrust deduction factors and wake fractions due to wave effects highlight the need
for refined propeller and hull designs.

- Although the study focused on a model-scale KVLCC2 ship, it suggests that further
research is needed on full-scale vessels and other ship types under a broader range
of conditions. This is particularly relevant for assessing the impacts on rudder
performance and vessel maneuverability in waves, which can degrade overall ship
performance.

In conclusion, this report provides valuable insights into ship hydrodynamic performance
in waves, highlighting the importance of accounting for propeller-hull interactions in
realistic sea conditions. The findings are crucial for developing more efficient and effective
ship designs, with recommendations for further investigation into full-scale scenarios and
a wider variety of ship types.

6 Detailed report

This work has been carried out in the framework of a PhD thesis by Mohsen Irannezhad.
The research project (Propeller-Hull Interaction Effects in Waves) has been financed in
two different stages (Part I, 2019-2021 and Part II ,2021-2024) financed by the Swedish
Transport Administration’s industry program Sustainable Shipping, operated by
Lighthouse. The detailed explanation of the methods and findings from this research
project is reported in Mohsen Irannezhad’s PhD thesis (enclosed to this report).
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