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Abstract

The shipping industry is paramount for global economic growth by enabling the trading

of enormous volumes of goods across the world. However, maritime transport is a huge

and growing source of greenhouse gas emissions. Consequently, the shipping industry

is required to speed up its environmental transition towards a zero-carbon emissions

fleet. Alternative marine fuels, in combination with ship optimization in realistic operating

conditions, could be a solution to reduce the marine ship emissions drastically.

The emissions of harmful gases and particulates from the engine increase when the ship

operates in waves. This phenomenon is particularity problematic for lean-burn natural

gas engines because of the increased amount of unburnt methane emitted. The solution

to this problem requires studying the interaction between the ship hydrodynamics and the

engine dynamics. For this purpose, a coupled engine-shaft-propeller model capable of

predicting its performance in waves needs to be developed. At the same time, evaluating

the ship propulsion system performance in realistic operating conditions is essential to

estimate the installed power of the main engine and to optimize the ship voyage.

The purpose of the present work is to investigate the interaction between propeller loads

and engine response of a ship sailing in realistic operating conditions. First, an

investigation was carried out to determine the propeller model necessary to estimate the

propulsive forces in waves. Second, a coupled propeller-engine model was built to

evaluate how the environmental effects influence the ship propulsion system

performance in terms of propulsive forces and unburnt methane released in the

atmosphere. Third, the effect of waves on the propulsive coefficients was studied by

conducting numerical simulations and model experiments.

The traditional method applied to compute the propeller performance in waves, known

as the quasi-steady approach, was adequate to estimate the propulsive forces in

realistic operating conditions. The simulations performed with the coupled

engine-propeller model proved that neglecting time-varying wake field, ship motions,

and propeller close-to-or-breaking water effects would lead to a poor prediction of the

propulsive forces in waves. The coupled engine-propeller model allowed determining

that the amount of unburnt methane released in the atmosphere considerably increases

when the ship operates in waves. The investigation conducted on the propulsive

coefficients showed that the effective wake fraction depends on both the propeller

loading and the motions of the ship. An inverse non-linear correlation between the thrust

deduction fraction and the propeller loading was observed. A small influence of the ship

motions on the thrust deduction fraction was noticed. The propulsive efficiency was

mainly affected by the variation of the open-water efficiency caused by the propeller

loading. Therefore, using the propeller open-water curves or performing overload

self-propulsion model-scale experiments in calm water would provide a sufficiently

accurate estimation of the time-averaged propulsive efficiency in waves for the

considered case studies.

The results of the PhD project are useful to investigate the performance of marine

propulsion systems in realistic operating conditions. The techniques and tools employed

in the current study can be directly applied in the ship propulsion optimization process to

include the effect of waves. The work conducted in this research also constitutes a step

towards the implementation of the liquefied-natural gas as a marine fuel.
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Resumé

Shipping er en forudsætning for den globaliserede økonomi med transport af enorme

mængder af gods over hele verden. Imidlertid er søtransport en stor og stigende udleder

af drivhusgasser. Derfor er det nødvendigt, at industrien forøger hastigheden af sin

miljømæssige transformation mod en carbon-fri flåde af skibe. Alternative maritime

drivmidler sammen med optimering af skibe til realistiske operationsforhold kan være en

mulighed for en radikal reduktion af emissioner fra skibe.

Emission af skadelige gasser og partikler fra motoren forøges, når et skib sejler i bølger.

Dette er specielt et problem for lean-burn gasmotorer på grund af en forøget mængde

uforbrændt metan, som slippes ud i atmosfæren. Løsning af dette problem kræver et

studie af vekselvirkningen mellem skibets fremdrivningshydrodynamik og motorens

dynamik. Hertil er det nødvendigt at udvikle en model, med hvilken man kan analysere,

hvordan hele systemet motor, aksel og propeller arbejder i bølger. Samtidig er det vigtigt

at undersøge skibets fremdrivningssystem under realistiske arbejdsbetingelser for at få

et nøjagtigt estimat af den nødvendige, installerede fremdrivningseffekt.

Formålet med dette arbejde er at analysere vekselvirkningen mellem

propellerbelastningen og motorens gensvar for et skib under realistiske

sejladsbetingelser. Først blev der lavet en undersøgelse for at klarlægge hvilken

numerisk propellermodel, der ville kunne beregne fremdrivningskræfterne i bølger.

Dernæst blev der opstillet en numerisk model for det koblede system motor og propeller

for at vurdere, hvordan bølger og vind påvirker fremdrivningssystemet med hensyn til

fremdrivningskræfter og udslip af uforbrændt metan. Endelig blev indflydelsen af bølger

på fremdrivningskoefficienterne undersøgt ved hjælp af modelforsøg og beregninger.

Den traditionelle, kvasi-statiske, metode til beregning af propellerens ydelser i bølger

viste sig at være tilstrækkelig til at bestemme propellerkræfterne under realistiske

betingelser for det undersøgte skib. Men numerisk simulering med den koblede

propeller-motor-model viste, at hvis man ser bort fra den tidslige variation af

medstrømsfeltet, skibets bevægelser og effekten af, at propelleren er tæt på eller

gennembryder vandoverfladen, opnår man et dårlig estimat af fremdrivningskræfterne.

Den koblede propeller-motor-model gjorde det også muligt at vise, at udledningen af

uforbrændt metan forøges væsentligt, når skibet sejler i bølger. Analysen af

fremdrivningskoefficienterne viste, at den effektive medstrømskoefficient afhænger af

både propellerbelastningen og af skibets bevægelser i søen. For sugningskoefficienten

blev en lineær afhængighed med faldende koefficient ved stigende propellerbelastning

fundet, mens skibets bevægelse havde kun lille indflydelse.

Fremdrivningsvirkningsgraden var hovedsagelig påvirket af ændringen i

åbentvandsvirkningsgrad for propelleren på grund af ændringen i propellerbelastning.

Derfor er selvfremdrivningsforsøg i stille vand, men med forøget propellerbelastning

tilstrækkelig nøjagtig til bestemmelse af de tidsmidlede fremdrivningskoefficienter, i hvert

fald for den givne skibsform.

Resultaterne af dette PhD-arbejde kan bruges til at analysere fremdrivningssystemer for

skibe under realistisk sejladsbetingelser. De anvendte metoder kan uden videre bruges i

forbindelse med den hydrodynamiske optimering af skibets fremdrivningssystemer, når

skibet sejler i bølger. Arbejdet bidrager endvidere til implementering af LNG til

fremdrivning af skibe.
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Sammendrag

Shipping er en forutsetning for den globaliserte økonomien, med transport av enorme

mengder gods over hele verden. Imidlertid er sjøtransport en stor og stigende kilde til

utslipp av drivhusgasser. Derfor er det nødvendig, at industrien raskere utvikler en

nullutslipps skipsflåte. Alternative drivstoffer sammen med optimalisering av skip for

realistiske operasjonsforhold kan gi en radikal reduksjon av utslipp.

Utslipp av skadelige gasser og partikler fra motoren øker når et skip seiler i bølger.

Dette er spesielt et problem for lean-burn gassmotorer på grund av økt utslipp av

uforbrent metan. Løsning av dette problemet krever en studie av vekselvirkningen

mellom skipets propulsjonshydrodynamikk og motorens dynamikk. Da er det nødvendig

å utvikle en modell som kan brukes til å analysere hvordan hele systemet med motor,

aksel og propeller arbeider i bølger. Samtidig er det viktig å undersøke skipets

fremdriftssystem under realistiske arbeidsbetingelser for å få et nøyaktig estimat av den

nødvendige, installerte fremdriftseffekt.

Formålet med dette arbeidet er å analysere vekselvirkningen mellom

propellerbelastningen og motorens respons for et skip under realistiske seilingsforhold.

Først ble det laget en undersøkelse for å klarlegge hvilken numerisk propellmodell som

egner seg for å beregne fremdriftsskreftene i bølger. Deretter ble det utviklet en

numerisk modell for et koblet system bestående av motor og propell for at vurdere

hvordan bølger og vind påvirker fremdriftssystemet med hensyn til fremdriftskrefter og

utslipp av uforbrent metan. Til slutt ble innflytelsen av bølger på fremdriftskoeffisientene

undersøkt ved hjelp av modellforsøk og beregninger.

Den tradisjonelle, kvasi-statiske metode for å beregne propellens ytelser i bølger viste

seg å være tilstrekkelig for å bestemme propellkreftene under realistiske betingelser for

det undersøkte skipet. Numerisk simulering med den koblede propeller-motor-modell

viste at hvis man ser bort fra den tidsavhengige variasjon av medstrømsfeltet, skipets

bevegelser og effekten av at propellen er tett på eller bryter overflaten, oppnår man et

dårlig estimat av propulsjonskreftene i bølger. Den koblede propell-motor-modellen

gjorde det også mulig å vise at utslipp av uforbrent metan øker vesentlig når skipet seiler

i bølger. Analysen av fremdriftskoeffisientene viste at den effektive

medstrømskoeffisienten avhenger av både propellbelastningen og av skipets

bevegelser i sjøen. Det ble funnet en omvendt ikke-lineær korrelasjon mellom

thrustreduksjonskoeffisienten og propellbelastningen, mens skipets bevegelse hadde

liten innflytelse. Propulsjonsvirkningsgraden var hovedsakelig påvirket av den endringen

i frivirkningsgraden for propellen som skyldes endring av propellbelastningen. Derfor er

propulsjonsforsøk i stille vann med øket propellbelastning tilstrekkelig nøyaktig for å

bestemme de tidsmidlede fremdriftskoeffisienter, i hvert fall for den studerte

skrogformen.

Resultatene av dette PhD-arbeidet er nyttige for å undersøke ytelsen til marine

fremdriftssystemer i realistiske operasjonstilstander. Teknikkene og verktøyene som er

anvendt i dette studiet kan anvendes direkte i optimalisering av skips

propulsjonssystemer under innflytelse av bølger. Dette forskningsarbeidet utgjør også et

steg mot implementering av flytende naturgass som brennstoff for maritime anvendelser.
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CAW Wave added resistance

coefficient

cP Propeller chord

D Benchmark data

DH Hub diameter

DP Propeller diameter
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λ/LPP
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ne Engine speed
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P Propeller pitch
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PE Effective power
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RXPI Double-body integrated

pressure error

RAOH RAO for the heave motion

RAOP RAO for the pitch motion

RAOS RAO for the surge motion

S Simulation value

S0 Extrapolated solution to zero

step size
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SW Hull wetted surface

T Wave period

xvi Ship Propulsion Hydrodynamics in Waves



t Thrust deduction fraction

tc Thrust deduction fraction in

calm water

Te Encounter wave period

tF Thrust deduction fraction

computed with FTP=0

ti Quasi-steady time instance
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tR Thrust deduction fraction

computed with RT

tP Propeller thickness

Twe Wave-equivalent propeller

thrust

UD Uncertainties in the benchmark

data

Uinput Uncertainties in the input

parameters

USN Numerical uncertainty in the

simulation

Uval Validation uncertainty

VA Averaged axial flow velocity at

the propeller plane

VS Speed of the ship

Vf Fluctuating wake velocity in

waves

Vm Dimensionless mean increase

in propeller inflow in waves

Vt Total wake velocity in waves

wc Effective wake fraction in calm

water

wE Effective wake fraction

WCE Effective wake distribution in

calm water

WPC Potential part of the wake

distribution in calm water

WPW Potential part of the wake

distribution in waves

WWE Effective wake distribution in

waves

y+ Dimensionless wall distance

Y1H Y1 for the heave motion

Y1P Y1 for the pitch motion

Y1S Y1 for the surge motion

Y1 Measured response amplitude

Other Symbols

n̄ Target crankshaft rotation rate
ˆFD1 Linear tow force
ˆFD2 Quadratic tow force
ˆFD3 Cubic tow force

t̂1 Linear thrust deduction fraction

t̂2 Quadratic thrust deduction

fraction

t̂3 Cubic thrust deduction fraction
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1 Introduction

1.1 Background and Motivation

The global maritime transport increased by 250% between 1970 and 2012 [2]. In early

2019, the total world fleet reached 95 402 ships, accounting for 1.97 billion dead-weight

tons of capacity [3]. Nowadays, approximately 80 per cent of the global merchandise

trade in terms of volume is carried by sea and handled by ports worldwide [4]. It becomes

evident that the maritime industry plays a fundamental role in the development of the

international market and the global economy. On the other hand, sea transportation is

responsible for 3.5 per cent to 4 per cent of all climate change emissions [5]. In the year
2012, the total shipping emissions were estimated at around 938million tonnes ofCO2 and

961 million tonnes of CO2e for greenhouse gases (GHGs) [6]. Depending on the future

financial evolution and energy developments, maritime CO2 emissions are predicted to

grow by 50 per cent to 250 per cent before 2050 [7].

International and national organizations established numerous countermeasures to

reduce the negative impact caused by marine emissions. Two well-known examples are

the Initial International Maritime Organization (IMO) Strategy on Reduction of GHG

Emissions from Ships and the Energy Efficiency Design Index (EEDI). The former was

brought into effect in April 2018 by the International Maritime Organization’s Marine

Environment Protection Committee (MEPC) to reduce ship emissions and to improve

the environmental performance of existing and new vessels. The strategy aims at

reducing the carbon dioxide production per transport work (product of the cargo

transported and the distance) by 40 per cent before 2030 and by 70 per cent prior to 2050
(both compared to 2008 levels), with full decarbonization by 2100. The IMO introduced

the EEDI at the 62nd Meeting of the Marine Environment Protection Committee (MEPC

62) in July 2011. The index aims at decreasing the global carbon dioxide emissions from
new vessels. The lower the EEDI, the more energy-efficient is the ship, and the better its

environmental performance. The EEDI formulation can be interpreted as the ratio

between the CO2 production potential of the vessel (which is proportional to the power

of the main engine) and its transport work.

The IMO strategy and the EEDI regulations drew attention to the implementation of

alternative marine fuels and the estimation of the ship performance in waves. Liquefied

natural gas (LNG) is a well-known non-conventional fuel within the shipping industry.

The combustion products for lean-burn natural gas engines contain 85 per cent lower

NOx and 25 per cent lower CO2 emission values than a marine gas oil or marine diesel

oil [8]. It is predicted that the proportion of liquefied natural gas in the world fleet will

increase from the current 0.3 per cent to over 23 per cent before 2050 [3]. The main

drawback for lean-burn natural gas engines is the unburnt methane released in the

atmosphere as a result of the poor fuel utilization due to low operational fuel-air

ratios [9]. This phenomenon is particularly relevant in off-design conditions (e.g. ship

sailing in the presence of waves). Consequently, investigating the performance of

lean-burn natural gas-powered ship propulsion systems in realistic operating conditions

is crucial to reduce and control unburnt methane emissions. At the same time, the

precise evaluation of the ship propulsion system performance in the presence of waves

is essential for the accurate estimation of the installed power of the main engine.

Nowadays, the complex interaction between the ship propulsion system and the sea
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environment is generally addressed by adding a powering margin (known as sea

margin) to the estimation of the speed-power relationship for a newly built vessel in ideal

conditions. The sea margin is determined based on either statistical analysis or

experience. As a consequence, the main engine may result to be overpowered or

underpowered for the actual operating conditions of the ship. Moreover, the correct

prediction of the propulsive abilities of a vessel is a necessary requisite for the

optimization of the ship voyage. The determination of the optimum route and speed of a

ship reduces fuel consumption and improves navigational safety [10].

1.2 Research Problem

The calculation of the performance of a ship at sea requires the precise estimation of its

propulsion characteristics. The propulsion point of the ship is described by the balancing

of the propulsive forces. The total resistance of the ship (including the increase in

resistance caused by the suction of the propeller) has to match the thrust of the

propeller, and the torque provided by the engine has to equalise the torque required by

the propeller at the intended rate of revolutions. Traditionally, the propulsion point of a

ship is estimated in ideal weather conditions. As a result, the predicted equilibrium in

calm water conditions does not match the balance of the propulsive forces in realistic

operating conditions. If the engine is capable of continuously producing the new required

power, the vessel will maintain its current speed. On the other hand, the ship will

experience a drop in velocity if the requested torque can not be provided to the propeller.

In both events, the restored balance between the propulsive forces leads to a new

working point for the ship propulsion system. The new operating point is time-varying,

and its mean value (e.g. time-averaged propeller thrust) generally differs from the

steady propulsion point estimated in calm water conditions. The precise prediction of the

new propulsion point requires the modelling of the time-varying propulsive forces. For

this purpose, the development of a coupled engine-shaft-propeller model capable of

estimating the propulsive performance of a propulsion system in waves is necessary.

The principal factors causing the change in propulsion point are:

• Wave added resistance. The increase in resistance caused by the presence of the

waves is frequently the most important contribution to the drop in ship velocity [11].

The difference between time-averaged resistance in waves and the resistance in

calm water defines the wave added resistance.

• Wind resistance. The wind resistance is caused by the combination of the

blowing wind over the ocean and the self-component of the front wind produced by

the forward speed of the ship.

• Steering. The movement of the rudder required to counterbalance the transverse

component of wind and waves leads to an increment in total resistance and

reduction in propeller thrust.

• Variation in propulsive coefficients. The propulsive coefficients describe the

connection between the effective power (the product of the bare hull resistance

and ship speed) and the power delivered from the engine to the propeller. Ship

motions and propeller loading are generally considered to be the principal cause

for the variation of the propulsive coefficients in realistic operating conditions.

• Motions of the ship. The ship motions influence the wave added resistance,

propulsive coefficients, and propeller cavitation behaviour. The motions of the ship

2 Ship Propulsion Hydrodynamics in Waves
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Figure 1.1: Principal factors causing the change in propulsion point.

might also cause the propeller to operate close to or partly above the water

surface, leading to a drastic reduction in propeller thrust.

• Propeller speed fluctuations. The time-varying torque requested by the propeller

to the engine generates a variation in time of the propeller rate of revolutions, which

leads to a fluctuating working point for the ship propulsion system.

1.3 Research Statement

It is believed that one of the keys for reducing marine emissions is hidden in the

combined application of multidisciplinary tools covering thermodynamic, hydrodynamic,

and environmental aspects. Specifically, the study of the propeller and engine

interaction in realistic operating conditions may play a significant role in the decrease of

the greenhouse gases produced by the maritime industry.

1.4 Research Questions

The present work aims at continuing the previous research in this field and answering the

following research questions:

i. Which type of propeller model is required to evaluate the propulsive forces in the

presence of waves?

ii. What is the importance of the time-varying wake field, ship motions, propeller close-

to-or-breaking water effects, and propeller speed fluctuations in the prediction of the

propulsion system performance in realistic operating conditions?

iii. How is the unburnt hydrocarbon formation in lean-burn natural gas engines affected

by sea wave loads?

iv. What is the influence of the propeller loading and ship motions on the propulsive

coefficients?

v. Are overload self-propulsion experiments in calm water conditions based on the

wave added resistance sufficient to estimate how the time-averaged propulsive

coefficients vary in the presence of waves?

Ship Propulsion Hydrodynamics in Waves 3



1.5 Research Objectives

The overall purpose of the PhD project is to study the hydrodynamic aspects of the

dynamic interaction between propeller loads and engine response of a ship sailing in

realistic operating conditions. Based on the prior research questions, the research

activity is subdivided into three main objectives:

1. Investigating the propeller performance in waves.

The effect of waves on the propeller performance is traditionally evaluated by

applying a quasi-steady approach. In this method, the time-varying input data,

such as wake distribution, ship motions, propulsive factors, and propeller speed

fluctuations are only known for a number of time instances sufficient to represent

the wave phenomenon precisely in time. The quasi-steady approach is

computationally fast, and it is relying on the assumption that the ratio of propeller

angular frequency to wave encounter frequency is sufficiently large. However, this

method completely disregards the time history of the propeller performance related

to the time-varying input data. The unsteadiness of the results is only related to the

spatial non-uniformity of the wake distribution. The correct evaluation of the

propeller performance in waves relies upon the verification of the exactness of the

quasi-steady approach.

2. Investigating the propulsion performance in waves.

The propulsion system performance in waves is usually evaluated by neglecting

the presence of the engine, ship motions, propeller close-to-or-breaking the water,

and time-varying wake field. The validation of the correctness of this approach is

crucial to estimate the performance of the propulsion system in realistic operating

conditions. The impact of the engine response and wave effects on the propulsion

system can be assessed by building a coupled engine-propeller model. The

implementation of this model is also necessary to obtain a better understanding of

how the performance of a ship sailing in a seaway is affected by the wave

characteristics (e.g. wave direction, wavelength, and wave height). At the same

time, the coupled engine-propeller model allows investigating the unburnt methane

released in the atmosphere by a lean-burn natural gas engine in realistic operating

conditions.

3. Investigating the propulsive coefficients in waves.

The correct estimation of the propulsive coefficients in waves is fundamental for

the evaluation of the main engine power and ship performance in realistic weather

conditions. However, the variation of the effective wake fraction, thrust deduction

fraction, hull efficiency, relative rotative efficiency, and open-water efficiency

caused by the wave action is not clearly understood yet. Propeller loading and

ship motions are commonly assumed to be the primary cause for the change of the

propulsive coefficients in waves. Nevertheless, it is also believed that the overload

self-propulsion tests in calm water conditions based on the wave added resistance

might be sufficient to estimate how the time-averaged propulsive coefficients vary

in waves. Consequently, it is essential to evaluate the variation of the propulsive

coefficients by considering the effect of the wave added resistance and ship

motions separately. Performing load-varying self-propulsion numerical simulations

and experiments could clarify the reasons behind the change in the propulsive

coefficients in the presence of waves.
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1.6 PhD Project

The PhD project was part of the joint project “Ship propulsion dynamics and emissions”,

and it was based on extensive collaboration between the Norwegian University of

Science and Technology and the Technical University of Denmark. The joint project

required the integration of two disciplines: marine hydrodynamics and marine

machinery. In these terms, the current PhD student actively cooperated with another

PhD student, Sadi Tavakoli, during the research study. The collaboration was necessary

to investigate in detail the dynamic interaction between propeller loads and engine

response of a ship operating in the presence of waves and other highly dynamic

conditions.

The current PhD student focused on the marine hydrodynamics aspects of the project

(e.g. modelling the dynamic forces on the propeller in waves and behind the moving ship).

Sadi Tavakoli concentrated his work on the marine machinery part of the project (e.g.

modelling the unburnt methane released by the lean-burn natural gas engine). The results

of the propeller and machinery modelling were integrated into a complete simulation of

the entire propulsion system. The cooperation process led to the publication of paper J2

and paper J3 (see List of Publications).

Figure 1.2 shows the interconnection between the publications and the objectives of the

thesis.

PhD Project
Propulsion

Performance

in Waves

Paper J2

Paper J3

Propulsive

Coefficients

in Waves

Paper J4Paper J5

Propeller

Performance

in Waves

Paper C1

Paper J1

Figure 1.2: Interconnection between publications and objectives of the PhD project.

Ship Propulsion Hydrodynamics in Waves 5



1.7 Thesis Outline

The thesis is structured as a collection of articles. The full-length publications are

appended at the end of the dissertation. The remaining part of the thesis presents a

summary of these publications and the main outcomes of this study. The research

connection between the papers is also discussed and explained.

The thesis is divided into six chapters:

Chapter 1. The motivation underneath the development of the thesis, along with the

description of PhD project, statement, research questions, objectives, and

outline of this study are presented.

Chapter 2. A survey of the contributions of previous researches is provided.

Chapter 3. A summary of the motivation, analysis, methodology, results, and

conclusions of papers C1 and J1 is presented.

Chapter 4. A summary of the motivation, analysis, methodology, results, and

conclusions of papers J2 and J3 is presented.

Chapter 5. A summary of the motivation, analysis, methodology, results, and

conclusions of papers J4 and J5 is presented.

Chapter 6. The primary outcomes of the thesis and suggestions for possible future

works are reported and discussed.

The appended papers are reported as follows:

Paper C1. Unsteady propeller forces and hull pressure pulses in waves.

Paper J1. A comparison between fully-unsteady and quasi-steady approach for the

prediction of the propeller performance in waves.

Paper J2. The importance of the engine-propeller model accuracy on the

performance prediction of a marine propulsion system in the presence of

waves.

Paper J3. Modeling and Analysis of Performance and Emissions of Marine Lean-

Burn Natural Gas Engine Propulsion in Waves.

Paper J4. The Influence of the Propeller Loading on the Thrust Deduction Fraction.

Paper J5. Experimental measurements of propulsive factors in following and head

waves.
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2 Literature Review

2.1 Propulsive Coefficients in Waves

The propulsive coefficients are generally estimated in calm water conditions. However,

the effective wake fraction, thrust deduction fraction, hull efficiency, relative rotative

efficiency, and propeller open-water efficiency are affected by the presence of waves.

2.1.1 Effective Wake Fraction

The flow field of a propeller operating behind a ship considerably differs from the open-

water condition. The averaged axial flow velocity at the propeller plane in behind ship

conditions VA is smaller than the speed of the ship VS . The effective wake fraction wE is

commonly utilized to quantify this effect.

wE = 1− VA

VS

The experimental estimation of the inflow velocity to the propeller in the presence of

waves started in the 1960s. One of the first published examples of such analysis was the
work conducted by McCarthy et al. [12]. A six-bladed propeller was tested in regular

head waves for two fixed shaft centerline submergences. The propeller diameter was 16
inches. The wavelengths were 40, 30, and 20 feet. The wave height was varied from 6 to
12 inches. Three carriage speeds were utilized. The experimental results showed a

significant fluctuation in time of the advance coefficient J caused by the encountered

wave. Moor and Murdey [13] performed self-propulsion model-scale experiments in

waves for three ship models (a fast cargo liner, a medium speed cargo liner, and a

tanker) in both full-load and ballast conditions. The models were run in regular head

waves. The wavelength ranged from 0.5 to 3.0 times the length between perpendiculars
LPP . The wave height was maintained constant and equal to 0.0667 times LPP . The

results of the experiments exhibited a large variation of time-averaged effective wake

fraction (up to 45% for the critical wavelengths). Nakamura and Naito [14] carried out

self-propulsion model-scale experiments in waves for a single screw high-speed

container ship. The model was run in regular and irregular waves. The ship length L of

the model was 4.0 m, and the wavelength ranged from 0.4 to 2.5 times L. The wave

height varied from L/100 to L/20. The time-averaged effective wake fraction decreased
with the increase of the wave height. Forced pitch oscillation tests and restrained model

tests in regular head waves and calm water were also carried out. Based on the results

of these last two experiments, it was argued that the reduction in time-averaged wake

fraction was to be primarily attributed to the pitch motion of the ship. Longo et al. [15]

measured the unsteady nominal wake distribution of the DTMB 5415 hull model

advancing in regular head waves. A 2D particle-image velocimetry (PIV) and a servo

mechanism wave probe measurement systems were utilized. The length L of the model

was 3.048 m, and the wave height was 0.0182 m. The wavelength was 1.5 times L, and
the Froude number was set equal to 0.28. The unsteadiness of the nominal wake was

explained by the interaction between the hull boundary layer, axial vortices, and incident

wave. Three primary wave-induced effects were reported: pressure gradient, orbital

velocity transport, and unsteady sonar dome lifting wake. Ueno et al. [16] carried out

free running tests using a container ship model in regular and irregular waves. The
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length between perpendiculars of the model was 4.0 m, and the wave encounter angle

varied from 0 to 180 deg. In regular wave conditions, the wave heights were 0.05 m and

0.075 m, and the wavelength ranged from 0.4 to 3.0 times LPP . The wave periods for the

irregular waves were 1.0, 1.3, and 1.6 sec. The significant wave height was 0.1 m. The
results suggested that the larger the wave added resistance, the smaller the

time-averaged effective wake fraction. It was also argued that the fluctuating wake

velocities are mainly caused by the wave-induced particle motion and surge motion of

the ship. Bhattacharyya and Steen [17] conducted load-varying self-propulsion

model-scale experiments for a single-screw cargo vessel at two Froude numbers in

regular head waves. The model was equipped with either a ducted or conventional

propeller. The length between perpendiculars of the model was 5.197 m, and the

wavelength was varied from 0.55 to 1.9 times LPP . The wave amplitude ranged from

0.0077 to 0.0231 times LPP . The time-averaged effective wake fraction determined in the

case of the conventional propeller had the largest reduction for the critical wavelengths.

Additionally, the time-averaged effective wake fraction decreased with the increasing of

the propeller loading. Tokgoz et al. [18] measured the velocity distribution in the

propeller plane for the self-propelled KVLCC2 hull model in regular head waves. A 2D
PIV system was used. The length between perpendiculars of the model was 3.2 m, and
the wavelengths were 0.6, 1.1, and 1.6 times LPP . The wave amplitude was 0.009375
times LPP , and the Froude number was set equal to 0.142. The results showed the

influence of the ship motions on the axial velocity distribution in the propeller plane. The

propeller thrust had its minimum value when the wave crest was at the propeller

cross-section. Sigmund and el Moctar [19] investigated the effects of head waves on

the propulsion characteristics of a single screw container ship and a twin-screw cruise

ship. Open-water towing model-scale tests and self-propulsion model-scale tests in

calm water were performed. Self-propulsion model-scale tests in calm water and head

waves were carried out according to the British method [20]. The length between

perpendiculars of the container ship model was 5.577 m, whereas LPP of the cruise ship

model was 6.119 m. The wavelengths ranged from 0.22 to 1.09 times LPP . The wave

steepness varied from 1.2 to 3.8 times the wavelength λ. A decrease in the

time-averaged effective wake fraction compared to its calm water value was reported. It

was also demonstrated the greater influence of the waves on the hull-propeller

interaction for the single screw container ship than for the twin-screw cruise ship. Seo

et al. [21] performed self-propulsion model-scale experiments in calm water conditions

and regular head waves for the KVLCC2 tanker. The length between perpendiculars of

the model was 5.517 m, and the wavelengths were 0.6 and 1.0 times LPP . Three ship

speeds were considered: 13.5, 14.5, and 15.5 knots. The wave amplitude varied from

0.013 m to 0.053 m. The time-averaged effective wake fraction decreased with the

increasing of the wave added resistance. Additionally, the time-averaged effective wake

fraction increase with the decreasing of the ship speed.

The numerical estimation of the inflow velocity to the propeller in the presence of waves

started at the end of the 1990s. One of the first relevant examples of such investigations
was the work performed by Rhee and Stern [22]. Unsteady Reynolds-averaged

Navier–Stokes (URANS) simulations were carried out for the Wigley III hull model

advancing in regular head waves. The ship length L of the model was 3.0 m, and the

Froude number varied from 0.2 to 0.4. The wavelengths were 0.5, 1.0, and 1.5 times L.
The wave amplitude ranged from 0.0078 to 0.0155 times the wavelength. A variation in

the mean nominal wake caused by the presence of the wave was reported. Guo

et al. [23] studied the nominal wake field in the propeller plane in waves with the

URANS ISIS-CFD flow solver developed by the Equipe Modélisation Numérique (EMN).
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The length between perpendiculars of the model was 5.5172 m, and the wavelength was
0.9171 times LPP . The wave height was 0.138 m. The results showed that the mean

axial velocity in the propeller plane in the presence of waves was higher than the one in

calm water (up to 35% of the ship forward speed). The decrease in the time-averaged

nominal wake fraction was explained by the attenuation of the bilge vortex in waves.

Sadat-Hosseini et al. [24] predicted the nominal wake field in the propeller plane of the

KVLCC2 model ship. The URANS CFDShip-Iowa V4.5 code was utilized. The

simulations were carried out in calm water and regular head waves. The length between

perpendiculars of the model was 1.0 m, and the wavelength ranged from 0.1810 to 2.0
times L. The wave amplitudes were 0.002719, 0.00453, and 0.009375 times L. The

Froude numbers were 0.1422 and 0.25. The computed nominal wake field showed good
agreement with PIV measurements. The nominal wake field resulted in being contracted

towards the centre plane when the wave crest was located at the stern of the ship.

Viceversa, the nominal wake field was expanded towards the free stream velocity when

the wave trough was situated at the stern of the vessel. Wu et al. [25] investigated the

local flow in the propeller plane for the KVLCC2 tanker in regular head waves. The

URANS CFDShip-Iowa V4.5 flow solver was utilized as the numerical tool. The length

between perpendiculars of the model was 3.2 m, and the wavelengths were 0.6, 1.1, and
1.6 times LPP . The wave amplitude was 0.009375 times LPP . The movements of the

bilge and secondary vortex were described in relation to the passing wave. The

time-averaged nominal wake velocity resulted in being higher than its calm water value.

Taskar et al. [26] utilized the vortex-lattice method implemented in MPUF-3A to

compute the propeller performance of the full-scale KVLCC2 tanker. Three regular head

waves were selected (λ/L = 0.6, 1.1, and 1.6). The propeller performance was studied

in terms of cavitation, hull pressure pulses, and efficiency. The variation of inflow caused

by waves and ship motions was treated in a quasi-steady manner, meaning that the flow

field entering the propeller disk was treated as time-invariant for each time instant. In

comparison to propeller speed fluctuations, speed loss, and ship motions, the results

showed that the time-varying wake field had the greatest impact on the propeller

performance in waves. Shin et al. [27] numerically studied the nominal wake field in the

propeller plane of the KVLCC2 model in regular head waves. The commercial software

STAR-CCM+ was used. The length between perpendiculars of the model was 3.2 m,

and the wave amplitude was 0.06 m. The wavelengths were 0.6, 1.1, and 1.6 times LPP .

The computed time-varying nominal wake field was circumferentially averaged. The

radial variation of the mean wake for the short wave exhibited a trend similar to the one

in calm water. However, a significant variation in the circumferentially averaged axial

velocities was reported for the medium and long wave (especially at inner propeller

radii).

2.1.2 Thrust Deduction Fraction

The thrust deduction fraction t is commonly employed to quantify the difference between
the bare hull resistance RT and the thrust TP required to propel a vessel. This difference

is a primary consequence of the reduced pressure field over the hull surface induced by

the propeller action.

t = 1− RT

TP

Moor and Murdey [13] investigated experimentally the variation of the thrust deduction

fraction in the presence of regular head waves. A decrease in the time-averaged thrust

deduction fraction around the natural pitch period of the ship was reported. Nakamura
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and Naito [14] carried out similar experiments in the presence of regular and irregular

waves. The results showed a decrease in the time-averaged thrust deduction fraction

with increasing wave height. Faltinsen [28] studied the influence of the wave-induced

motion on the thrust deduction fraction theoretically. This propulsive coefficient resulted

in being inversely proportional to the propeller loading. It was also discussed how

overload tests in calm water may provide useful information about the variation of the

thrust deduction fraction in waves. Bhattacharyya and Steen [17] measured the thrust

deduction fraction in regular head waves. A small influence of the ship motions on the

magnitude of this propulsive coefficient was reported. The maximum variation in the

time-averaged thrust deduction fraction compared to calm water occurred close to

λ/LPP = 1. Sigmund and el Moctar [19] determined the thrust deduction fraction in

regular head waves for a single screw container ship and a twin-screw cruise ship

experimentally. For the latter, the time-averaged thrust deduction fraction was barely

affected by the presence of the waves. In the case of the former, a change in the

time-averaged thrust deduction fraction compared to its calm water value was reported.

Lee et al. [1] computed the thrust deduction fraction for the KVLCC2 tanker. Towing and

self-propulsion computations in calm water and towing computations in regular short

head waves were performed. The commercial CFD package STAR-CCM+ was utilized.

The length between perpendiculars of the model was 6.491 m, and the wavelength was

0.6 times LPP . Four wave steepnesses were considered: 0.007, 0.017, 0.023 and 0.033.
The wave height ranged from 0.007 to 0.033 times the wavelength λ. The results showed
that the higher the propeller loading, the lower the time-averaged thrust deduction

fraction. Seo et al. [21] studied the change in the thrust deduction fraction in the

presence of regular head waves experimentally. A small decrease in the time-averaged

thrust deduction fraction compared to calm water was reported. The time-averaged

thrust deduction fraction decreased with the increasing of the wave amplitude.

2.1.3 Hull Efficiency

The hull efficiency ηH represents the influence of the propeller-hull interaction on the

efficiency of the propulsion system. For single-screw ships, ηH is generally in the range

of 1.1 to 1.4 in calm water conditions. For twin-screw vessels, the hull efficiency ηH is

normally between 0.95 and 1.05 in ideal conditions. The hull efficiency is defined as the

ratio between the effective power PE and the thrust power PT , and it can be expressed

as a function of the effective wake fraction and the thrust deduction fraction. Therefore,

the variation in wE and t caused by the presence of waves also affects the magnitude of
the hull efficiency.

ηH =
PE

PT
=

RT · VS

TP · VA
=

1− t

1− wE

Moor and Murdey [13] determined the hull efficiency experimentally in the presence of

waves for different ship models. A variation in the time-averaged hull efficiency was

reported compared to its calm water value. However, it was not possible to identify

exactly the factors affecting the magnitude of this propulsive coefficient. Similarly,

Nakamura and Naito [14] investigated the variation of the hull efficiency in realistic

operating conditions experimentally. The time-averaged hull efficiency decreased with

increasing wave height. This was because, for large values of the wave height, the

time-averaged effective wake fraction increased faster with the increase of the wave

amplitude than the time-averaged thrust deduction fraction. A similar trend was reported

in the numerical simulations carried out by Lee et al. [1]. Bhattacharyya and

Steen [17] investigated experimentally the hull-propeller interaction in the case of a

10 Ship Propulsion Hydrodynamics in Waves



ducted and a conventional propeller. For the latter, the higher the propeller loading, the

lower the time-averaged hull efficiency. On the other hand, the time-averaged hull

efficiency increased with increasing propeller thrust for the ducted propeller. The ship

motions barely affected the time-averaged value of ηH in the case of the conventional

propeller. Sigmund and el Moctar [19] determined the hull efficiency in regular head

waves for a single screw container ship and a twin-screw cruise ship experimentally For

both ships, the time-averaged hull efficiency decreased compared to its calm water

value. Similarly, Seo et al. [21] investigated the variation of the hull efficiency in regular

head waves for the KVLCC2 tanker experimentally. A decrease in the time-averaged

hull efficiency compared to calm water was reported.

2.1.4 Relative Rotative Efficiency

The relative rotative efficiency ηR accounts for the differences in torque absorption

characteristics between the propeller operating behind the hull and the propeller working

in a uniform wake field of velocity VA. On single-screw ships, the rotative efficiency is

normally in the range of 1.0 to 1.07 in calm water conditions. The rotative efficiency is

generally around 0.98 for twin-screw vessels in ideal conditions. The relative rotative

efficiency is defined as the ratio between the propeller power in open-water conditions

PD0 and the delivered power PD.

ηR =
PD0

PD

The results published by Moor and Murdey [13], Nakamura and Naito [14], Sigmund

and el Moctar [19], and Bhattacharyya and Steen [17] showed a minimal variation in

the time-averaged relative rotative efficiency caused by the presence of the wave (even

when the wake field changed considerably). Lee et al. [1] and Seo et al. [21] reported

a small decrease in the time-averaged relative rotative efficiency compared to its calm

water value.

2.1.5 Propeller Open-Water Efficiency

The propeller open-water efficiency η0 represents the efficiency of the propeller

operating in a uniform wake field of velocity VA. It tends to zero as the advance

coefficient J decreases to zero, and it normally ranges from 0.35 to 0.75 in ideal

conditions. The propeller open-water efficiency η0 is defined as the ratio between the

thrust power PT and the propeller power in open-water conditions PD0.

η0 =
PT

PD0

Compared to the hull efficiency and relative rotative efficiency, the propeller open-water

efficiency normally influences the magnitude of propulsive efficiency the most. The

results published by Moor and Murdey [13], Nakamura and Naito [14], Sigmund and

el Moctar [19], Bhattacharyya and Steen [17], and Seo et al. [21] showed a reduction

in the time-averaged propeller open-water efficiency caused by the presence of the

wave. This result is mainly related to the variation in propeller thrust induced by the

wave added resistance.

2.2 Wave Added Resistance

The variation in resistance caused by the presence of waves depends on ship motions,

bow relative motions, ship speed, wavelength, wave height, wave heading angle, hull
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form, and bow shape [29]. In energy terms, the wave added resistance is caused by an

extra energy loss associated with the encountered wave. According to the classical

seakeeping theories, the wave added resistance can be attributed to drifting forces,

diffraction effects, and viscous friction forces. Except for a minimal part consumed by

viscous effects, the extra energy loss is dissipated in the waves generated by the ship.

Therefore, the added resistance in waves can be considered a non-viscous

phenomenon and potential-flow theory can be applied. However, when effects such as

breaking waves or green water on deck are dominant in the estimation of the wave

added resistance, potential flow theory does not provide an accurate estimation of the

ship self-propulsion point.

The wave added resistance is estimated by either model experiments, numerical

methods, or empirical formulae. For the foremost, vessel models are towed in regular or

irregular waves, and the difference between the time-averaged resistance in waves and

the resistance in calm water constitutes the wave added resistance. For the numerical

methods, there are two major analytical approaches in potential flow theory to compute

the wave added resistance: the far-field method and the near-field method. The drifting

forces are usually adequately predicted by either the former (based on momentum

conservation theory), e.g. Maruo [30], Newman et al. [31], and Gerritsma and

Beukelman [32], or the latter (based on the integration of the hydrodynamic pressure

on the wetted hull surface), e.g. Havelock [33], Salvesen et al. [34], and

Faltinsen [28]. On the other hand, the estimation of the added resistance caused by

diffraction effects shows large scatter in the results according to the method used [35].

CFD techniques can be applied to take into account viscous effects, large ship motions,

effects of breaking waves, and green water effects, e.g. Tezdogan et al. [36] and

Sadat-Hosseini et al. [24]. Empirical formulae enable a fast approximate estimation of

the wave added resistance since the detailed hull form information is not required. A

well-known empirical formula is provided by ITTC [37]. Liu et al. [38] proposed a new

formula to predict the wave added resistance in different sea conditions.

2.3 Wind Resistance

The wind resistance is proportional to the relative wind direction, wind speed squared,

and projected windage area of the ship [39]. It is relevant, for instance, for container

ships in ballast condition (due to the large extended windage area). The wind added

resistance can be estimated by wind tunnel experimental tests, e.g. Andersen [39] and

Blendermann [40], data sets of wind resistance coefficients, e.g. ITTC [41], statistical

regression formulae, e.g. Isherwood [42] and Fujiwara [43], and numerical

computations, e.g. Janssen et al. [44].

2.4 Steering

The transverse component of the force due to wind and waves on a moving ship may

cause yaw, drift, and deviation from the intended route. As a consequence, the ship

needs to be manoeuvred to maintain its current course. This results in a reduced thrust

from the propeller and an increased resistance caused by the drift angle, yaw motion,

and motion of the rudder. Hydrodynamic forces due to steering, lateral force, and yaw

moment are generally estimated by either model tests or regression formulae. Tsujimoto

and Orihara [45] proposed an empirical equation to compute the added resistance due

to yaw motion.
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2.5 Ship Motions

A ship travelling across the sea is subjected to six types of motions caused by the wave

action: heave (vertical movement), sway (transverse movement), surge (longitudinal

movement), roll (port-starboard tilting motion of the ship), pitch (up-or-down movement

of the bow and stern of the ship), and yaw (side-to-side movement of the bow and stern

of the vessel). The motions of the ship influence the wave added resistance, propeller

cavitation behaviour, the magnitude of the propulsive coefficients (especially the

effective wake fraction and the thrust deduction fraction), and might cause propeller

close-to-or-breaking water effects.

The motions of the ship can be estimated by either model experiments, numerical

methods, or empirical formulae. Potentiometers, optical or video-based systems, and

gyroscopes are normally used to determine the motions of the ship experimentally.

Numerically, near-field methods, e.g. Havelock [33], Salvesen et al. [34], and

Faltinsen [28], far-field methods, e.g. Maruo [30], Newman et al. [31], and Gerritsma

and Beukelman [32], and CFD techniques, e.g. Cakici et al. [46] and Tezdogan

et al. [47], can be employed. In the early phases of the ship propulsion design process,

empirical formulae are generally used, e.g. Honkanen [48] and Jensen et al. [49].

2.5.1 Propeller Close-To-Or-Breaking Water Effects

The main factors contributing to the close-to-or-breaking water effects are the propeller

ventilation, loss of propeller disk area, Wagner effect, and wave-making by the propeller

due to closeness to the free surface. The foremost occurs when the propeller operates

close to or partly above the free surface and air is drawn into the propeller flow. This

phenomenon may cause a reduction in propeller thrust, intense noise and vibration,

propeller racing, and damages to the ship propulsion system. The ventilation of the

propeller generally takes place at low values of the advance coefficient. Kozlowska

et al. [50] and Kozlowska et al. [51] studied the loss of thrust related to the different

aspects of propeller ventilation. The propeller coming partly out of the water leads to a

significant thrust loss. This reduction in thrust can be computed from the loss of the

propeller disk area, as described by Fleischer [52]. The Wagner effect results in a

decrease in lift generated by the rapid immersion of the blades of the propeller [53]. The

reduction in the delivered thrust caused by the propeller wave-making depends on the

propeller loading and Froude number [28]. Minsaas et al. [54] and Faltinsen [28]

provided an approximated method to compute the loss of thrust produced by propeller

close-to-or-breaking water effects. This method implements a thrust diminution factor β
for the correction of the performance of a propeller that is deeply submerged.

2.5.2 Change in Propeller Cavitation Behaviour

The variation in propeller submergence and effective wake fraction caused by the ship

motions might lead to a significant change in the type and amount of cavitation on the

propeller. This could increase noise and vibration, generate a loss in the propeller thrust

(especially a low values of the advance coefficient), and erode the propeller. The

lattermost might lead to a drastic reduction in propeller efficiency and structural integrity

(raising the cost of maintenance). The reduced thrust is primarily related to the variation

in pressure distribution over the blade sections caused by the change in the local flow

over the propeller surface [55]. The fluctuating pressure acting on the ship hull would

affect passenger comfort and, in severe cases, damage the structural integrity of the

hull. In addition, the increased intensity of the hub vortex might erode part of the rudder.
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2.5.3 Effective Wake Fraction

In terms of ship motions, the surge is the main contributor to the fluctuation of the wake

in the propeller plane [16], and the pitch is the principal reason for the mean change in

the inflow velocity to the propeller [14]. The variation in effective wake fraction alters the

propeller loading (leading to a break in the balance between the propeller thrust and the

ship resistance), and it might cause a severe increase in hull pressure pulses [56]. Taskar

et al. [26] investigated the variation in hull pressure fluctuations induced by the presence

of waves on the full-scale KVLCC2 tanker. The results reported a significant increase

in pressure pulses caused by the change in effective wake fraction. Similarly, Taskar

et al. [57] studied the influence of the wake variation on the performance of an 8000 DWT

chemical tanker equipped with a twin-podded propulsion system. A substantial increase

in hull pressure pulses caused by the variation in effective wake fraction was found.

2.5.4 Thrust Deduction Fraction

Open literature provides minimal information on how the thrust deduction fraction is

affected by the motions of the ship. The majority of the studies carried out to determine

how this propulsive coefficient varies in realistic operating conditions do not separate the

effect of the ship motions from the influence of the wave added resistance. The work

conducted by Bhattacharyya and Steen [17] and Lee et al. [1] are two rare examples

of the opposite. The former performed load-varying self-propulsion model-scale

experiments in regular head waves. A small influence of the motion of the ship on the

thrust deduction fraction was reported. The latter carried out numerical simulations to

estimate the thrust deduction fraction in the presence of waves. This propulsive

coefficient resulted in being more affected by the wave added resistance than by the

motions of ships.

2.6 Propeller Speed Fluctuations

The fluctuating propeller speed is caused by the variation in time of the torque requested

by the propeller to the engine. The time-varying wake field, time-varying thrust deduction

fraction, and the ship motions are primarily responsible for the time variation of the

propeller loads. The amplitude of the fluctuating propeller speed mainly depends on the

inertia of the propulsion system, engine control system, and time-varying requested

propeller torque.

Full-scale measurements are the most accurate method to understand how the ship

performance is affected by the propeller-shaft-engine interaction. However, publicly

available data of the propulsive performance of a ship in a seaway are rare. Two of the

few examples are the works carried out by Ogawara et al. [58] and Kayano et al. [59].

The former studied the dynamic performance of the propulsion system of the container

ship America Maru to prevent propeller racing. The results showed that the propeller

speed fluctuations could be reduced by implementing a proper engine governor control.

The latter conducted full-scale experiments on the training ship Ginga Maru. The aim

was to study the propulsion performance under different weather and sea conditions.

The investigation revealed the importance of accurately taking into account

environmental effects to predict the speed-power curve.

The numerical investigation of the engine-shaft-propeller interaction in the presence of

waves began at the end of the 1990s. Kyrtatos et al. [60] estimated the transient

response of a large two-stroke marine diesel engine. The fluctuating propeller loads
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were obtained from either the standard propeller law or model tests. The main engine

was coupled with appended models for the shaft, ship hull, propeller, and engine speed

governor. The overall model reliability to predict the dynamic response of a complete

marine power plant system was demonstrated. Campora and Figari [61] modelled a

propulsion plant of a twin shaft arrangement with a controllable-pitch propeller in a

MATLAB-SIMULINK environment. The ship propulsion model was structured in modular

form. The medium-speed diesel engine, governor, hull, controllable-pitch propeller,

telegraph, and shaft line were modelled as separate blocks. The propeller model was

based on either propeller open-water curves or measurements. The simulations were

carried out by imposing experimental data on the telegraph model. The performance of

the ship propulsion model showed good agreement with full-scale data. Theotokatos

and Tzelepis [62] simulated the performance of the propulsion system of a full-scale

merchant vessel for various resistance curves and different operating points. The ship

propulsion system was modelled in a MATLAB-SIMULINK environment following a

modular approach. Separated sub-models represented the main engine, shafting

system, propeller, and ship hull. Interpolated polynomials of the Wageningen B-screw

series were applied for the propeller model. The results showed the importance of

modelling ship-engine-propeller interaction to reduce fuel consumption and engine

emissions. Taskar et al. [63] studied the performance of the full-scale KVLCC2

propulsion system in the presence of waves. A large two-stroke marine diesel engine

was selected. The overall propulsion system model was designed in a

MATLAB-SIMULINK environment. Several wavelengths, wave heights, and wave

directions were simulated. Open-water curves were utilized for the propeller model. The

thrust and torque losses caused by the propeller emergence were also taken into

account. Significant changes in the propulsion performance in waves compared to the

steady-state operation were reported. Head and bow quartering sea conditions had the

highest impact on ship performance. The amplitude of the fluctuating propeller speed

was maximum 5% of the steady-state value when the propeller was deeply submerged.

Taskar et al. [57] developed an approximated method to determine the time-varying

propeller speed. The comparison with the values obtained using an engine-propeller

coupled model was satisfactory. Yum et al. [64] developed a simulation model of a

mechanical propulsion system in waves for the full-scale KVLCC2 tanker. The

propulsion system included the vessel hull, propeller, shaft, large two-stroke diesel

engine, and speed regulator. The propeller model was based on propeller open-water

curves obtained from the vortex-lattice theory. The shaft was modelled as a single rigid

body with friction. The results showed that the transient effects on engine efficiency

were not significant for the selected mechanical propulsion system. Ghaemi and

Zeraatgar [65] investigated the hull-propeller-engine interaction for a full-scale container

ship under the influence of two regular waves. The wave heights were 1.63 and 3.23 m,
and the wavelengths were 68 and 163 m respectively. The length between

perpendiculars of the ship was 182.880 m. A two-stroke diesel engine was assigned to

the ship. The propeller performance was simulated based on open-water

characteristics. Compared to previous studies, the mean added resistance was replaced

by time-varying wave forces. The time-varying wave forces resulted in being important

in the study of the hull-propeller-engine interaction.

2.7 Conclusions

The previously mentioned studies provided relevant information regarding how the

propulsive coefficients vary in the presence of waves. The variation in effective wake
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fraction was mainly attributed to both the ship motions and the propeller loading.

Additionally, the effective wake fraction appeared to decrease in head waves compared

to its calm water value. The propeller loading was reported as the main factor affecting

the thrust deduction fraction in waves. The hull efficiency was influenced more by the

propeller loading than by the ship motions. Furthermore, a decrease in hull efficiency

compared to its calm water value was generally reported in the case of head waves.

The relative rotative efficiency generally appeared to be influenced by neither the

propeller loading nor the motions of the ship. A decrease in the propeller open-water

efficiency mainly caused by the propeller loading was noticed. However, it was still not

clear if the propulsive coefficients could be computed by considering only the variation in

propeller loading caused by the wave added resistance. Therefore, further studies were

necessary to evaluate the importance of the ship motions and propeller loading on the

variation of the propulsive coefficients in waves.

The aforementioned propulsion system models used different levels of detail to couple

the engine with the propeller in the presence of waves. These studies provided useful

information regarding how a propulsive system performs in realistic operating conditions.

However, it was still an open question if the propulsive performance in waves can be

estimated by neglecting the time-varying wake field, ship motions, propeller

close-to-or-breaking water effects, and propeller speed fluctuations. Furthermore, the

previously mentioned propulsion system models relied on the quasi-steady approach for

the propeller model. The importance of assessing the accuracy of this approach for the

computation of the propulsive forces in waves is evident.

16 Ship Propulsion Hydrodynamics in Waves



3 Paper C1 and J1:

Propeller Performance in Waves

3.1 Introduction

The correct estimation of the performance of a ship propulsion system in realistic

operating conditions requires the precise evaluation of the propeller force in waves. The

numerical investigation of the engine-shaft-propeller interaction in the presence of

waves usually relies upon the quasi-steady approach for the propeller model (e.g. based

on the propeller open-water curves). In this approach, the time-varying input data (e.g.

propulsive factors, ship motions, and propeller speed) are only known for a certain

number n of time instances ti sufficient to reproduce the wave phenomenon in time. For
each time instance ti, one unsteady simulation si is performed. Throughout the

time-dependent calculation si, the known time-varying input data at ti are kept constant
in time. Each quasi-steady calculation si provides usable results only at the selected

time instance ti. Therefore, several independent numerical simulations n are necessary

to estimate the propeller forces in one encounter wave period Te. After collecting the

results at each time instance ti, it is possible to obtain a trend in time for the propeller

performance for the entire wave phenomenon. In the quasi-steady approach, the

unsteadiness of the results is only related to the spatial non-uniformity of the wake

distribution. This is because the time-varying input data are fixed in time for each

simulation si. The quasi-steady approach is computationally fast, and it can be carried

out by any type of code capable of computing unsteady propeller performance. This is

because the time-varying input data are time-invariant in every time-dependent

calculation si for both calm water conditions and waves. Nevertheless, the quasi-steady

approach completely disregards the time history of the propeller performance related to

the time-varying input data. For example, the evolution in time of the velocity potential

shed into the blade wake is based on a time-invariant propeller speed and wake field.

This approximation is considered admissible because the ratio of wave encounter

frequency to propeller angular frequency is sufficiently small. However, the validity of the

quasi-steady approach is currently not known. The propeller performance should be

computed by taking into account the time history of the time-varying input data. This is

performed, ideally, by computing one single unsteady simulation where the time-varying

input data vary in time. This approach is referred to as fully-unsteady. However,

compared to the quasi-steady approach, the fully-unsteady approach is computationally

expensive, and it is usually not implemented in propeller unsteady force codes. Thus,

the fully-unsteady and the quasi-steady approach have to be compared in terms of

propeller performance. If the two approaches provide comparable results, the

quasi-steady approach will be applied to estimate the propeller performance in the

presence of waves. If the comparison is poor, the quasi-steady approach will not be

utilized to compute the propeller forces in off-design conditions.

3.2 Case Vessel

The same case vessel was considered in papers C1 and J1. The full-scale KVLCC2

tanker with the MOERI’s corresponding propeller (see Table 3.1 and Table 3.2 or Kim

et al. [66]) were used.
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3.3 Wave Characteristics

Two sets of wave conditions were considered for the comparison between the quasi-

steady and the fully-unsteady approach:

• Open-water conditions (OW). Table 3.3 shows the seven plane progressive waves

in open-water conditions studied in paper J1.

• Behind ship conditions (BS). Table 3.4 reports the three regular head waves in

behind ship conditions investigated in papers C1 and J1.

3.4 Propeller Analysis

The unsteady low-order boundary-element method implemented by DTU in

ESPPRO [67] was utilized as the main tool for the propeller analysis in papers C1

and J1. In ESPPRO, the flow around the propeller is assumed to be inviscid, irrotational,

and incompressible. Consequently, the flow field is expressed as the gradient of a scalar

velocity potential Φ, and the Laplace equation ∇2Φ = 0 can be applied for the continuity
equation. The boundary-element method, compared to other potential flow numerical

methods, provides a complete representation of the propeller geometry by placing the

Table 3.1

KVLCC2 vessel - Papers C1 and J1.

Length between perpendiculars 320.0m

Breadth 58.0m

Design draft 20.8m

Service speed 15.5 kts

Table 3.2

KP458 propeller - Papers C1 and J1.

Diameter 9.86m

Number of blades 4

AE/AO 0.431

(P/DP )Mean 0.69

Table 3.3

Plane progressive waves in open-water conditions - Paper J1.

Wave ζA/λ ξA λ/LPP ωe ωpropd
/ωe

[-] [-] [m] [-] [rad/sec] [-]

OW1 0.040 1.123 0.176 1.667 4.77

OW2 0.040 1.529 0.239 1.353 5.88

OW3 0.040 1.997 0.312 1.134 7.02

OW4 0.040 2.527 0.395 0.974 8.17

OW5 0.040 3.120 0.488 0.851 9.35

OW6 0.040 3.775 0.590 0.756 10.53

OW7 0.040 4.493 0.702 0.679 11.73

Table 3.4

Regular head waves in behind ship conditions - Papers C1 and J1.

Wave ζA/λ ξA λ/LPP ωe ωpropc/ωe

[-] [-] [m] [-] [rad/sec] [-]

BS1 0.031 3.0 0.6 0.83 8.94

BS2 0.017 3.0 1.1 0.56 13.19

BS3 0.012 3.0 1.6 0.44 16.62
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Table 3.5

Fully-unsteady approaches implemented in papers C1 and J1.

Characteristic Paper C1 Paper J1

Time-varying propeller shaft submergence Yes Yes

Time-varying effective wake field Yes Yes

Time-varying blade-wake geometry No Yes

Fully-unsteady cavitation model No Yes

distribution of source and dipole singularities (that are known elementary solutions to the

Laplace equation) on the actual propeller surface. Only minor simplifications of the

blade geometry are necessary for practical reasons (e.g. zero trailing edge thickness).

ESPPRO can predict unsteady sheet cavitation, including supercavitation, in also

inhomogeneous inflow. The sheet cavitation model implemented in ESPPRO is

described by Regener [67]. The implementation derives from the method introduced by

Kinnas and Fine [68]. In papers C1 and J1, a blade-wake model inspired by

Streckwall [69] was utilized. This blade-wake model accounts for neither roll-up of the

tip vortex nor slipstream contraction. The blade wake pitch is a function of both the

blade pitch at r/RP = 0.9 and the advance ratio JA = Vs (1 − wE) · (nDP )
−1. Even

though it is comparatively simple, this blade-wake model provided a good compromise

between the accuracy of the estimated propeller performance and the computation time.

At the beginning of this PhD project, ESPPRO could compute the propeller performance

in waves only with the quasi-steady approach. Therefore, ESPPRO had to be upgraded

to implement the more advanced fully-unsteady approach. The modification process

started in paper C1, and it was completed in paper J1. In paper C1, the source code of

ESPPRO was modified to treat the inflow velocity to the propeller plane and the shaft

submergence in a fully-unsteady manner. However, the blade-wake geometry was still

time-invariant, and the effective wake fraction wE used in the advance ratio JA for the

blade-wake model was time-averaged. In paper J1, ESPPRO was modified to account

for the time-variation of the advance ratio JA caused by propeller speed fluctuations and

time-varying wake field. The blade-wake geometry could be reconstructed, at every time

step, by recomputing the blade-wake pitch. Additionally, the source code of ESPPRO

was modified to account for the non-periodicity of the time-derivatives of the cavitation

model. Further details of the modifications implemented to ESPPRO can be found in

papers C1 and J1. Table 3.5 shows the differences between the fully-unsteady

approaches implemented in papers C1 and J1.

3.5 Procedure

3.5.1 Open-Water Conditions

The unsteady propeller forces were determined by varying the ratio of propeller angular

frequency to wave encounter frequency. Propeller speed fluctuations and ship motions

were neglected. Propeller speed and shaft submergence were assumed to be constant

in time and set equal to their design values. The cavitation model was not activated.

Time-Varying Wake Field

The time-varying wake field in open-water conditions was generated by a regular

sinusoidal propagating wave in infinite water depth. The wave velocities were computed
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as described by Faltinsen [70]. The time-invariant part of the propeller inflow velocity

was adjusted to set the advance ratio in open-water conditions equal to the full-scale

calm water advance ratio calculated by Kim et al. [66]. Details of the time-varying wake

field in waves, computed by the described method, can be found in paper J1.

3.5.2 Behind Ship Conditions

Realistic operating conditions were considered when comparing the propeller

performance computed by the quasi-steady and the fully-unsteady approach. The

limited availability of wake data for ships sailing in waves constituted an obstacle to this

purpose. Figure 3.1 shows the approximated procedure applied to determine the

realistic time-varying input data and the ship speed in waves.

In paperC1, the differences in unsteady propeller forces and hull pressure pulses between

the two approaches were estimated. The cavitation model was not activated, and the

propeller rate of revolutions was assumed to be time-invariant. In paper J1, the cavitation

volume was also compared, and the propeller speed fluctuations were included in the

computations.

Time-Varying Propeller Shaft Submergence

The time-varying propeller shaft submergence was computed by Taskar et al. [63]. The

fully non-linear unsteady three-dimensional boundary-element method implemented in

the commercial software SHIPFLOW-Motions [71] was utilized. The model was free to

heave and pitch, but it was not allowed to surge. The time-varying shaft submergences

are shown in Figure 3.2.

Time-Varying Wake Field

The time-varying wake field in behind ship conditions was determined by applying the

method described by Taskar et al. [63]. This method decomposes the wake field of a ship

sailing in the presence of waves into two components: the viscous time-invariant wake

and the potential time-varying wake. The fluctuating component of the wake field in waves

is assumed to be equal to the potential time-varying part of the wake field. Specifically, the

potential part of the wake distribution in calm water WPC is subtracted from the full-scale

effective wake field in calm water WCE , and the potential part of the wake field in waves

WPW is then added:

WWE = WCE −WPC +WPW

The potential part of the wake distribution in calm water WPC and in waves WPW were

determined by Taskar et al. [63]. The non-linear three-dimensional panel method

implemented in the commercial software SHIPFLOW-XPAN [72] was utilized to compute

WPC . SHIPFLOW-Motions [71] was used to estimate WPW . The full-scale effective

wake field in calm water WCE was computed by using the RANS-BEM coupling

procedure described by Regener [67]. In this procedure, a boundary-element method

(BEM) is applied for the propeller analysis, and the flow around the hull is solved with a

Reynolds-averaged Navier-Stokes (RANS) solver. The presence of the propeller is

introduced in the RANS solution by adding the propeller body forces computed with the

boundary-element method. The influence of the hull is included in the propeller analysis

by transferring the total velocity field from the RANS solver to the propeller model. In the

present work, the viscous flow solver implemented in SHIPFLOW-XCHAP was

employed on the RANS side. The unsteady low-order boundary-element method

implemented by DTU in ESPPRO was utilized on the BEM side. For the sake of
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Figure 3.1: Outline of the input data for the propeller analysis - BS - Papers C1 and J1.

comparison, the effective wake field in calm water was scaled to match the full-scale

effective average wake fraction, wE = 0.305, obtained by Kim et al. [66]. Details of the

time-varying wake field in waves and the RANS-BEM computational set-up can be found

in papers C1 and J1

Propeller Speed Fluctuations

The propeller speed fluctuations were determined by following the method developed

by Taskar [56]. This procedure is practical for constant torque machines since the

variation of the propeller rate of revolutions is based on the assumption of constant

torque. The method consists of performing n quasi-steady simulations by keeping the

propeller speeds equal to their value in calm water conditions. The results of these

simulations are utilised to compute the temporal mean of the torque in one encounter

wave period and to create the torque-speed characteristic of the propeller. These results

are used to obtain the propeller speed variation in waves. The propeller speed

fluctuations, estimated with the described method, are shown in Figure 3.3.
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Speed Loss

The classical power prediction approach was applied to compute the speed loss. The

thrust deduction fraction t and the effective wake fraction wE were provided by Kim

et al. [66]. The added resistance was computed in irregular waves even though regular

waves were considered. Usually, the added resistance measured in irregular waves is

lower than the corresponding one in regular waves. In the selected case, if the added

resistance were computed for regular waves, the new ship speeds would be

unrealistically low. Consequently, irregular waves were considered with peak

frequencies and significant wave heights equal to the wave frequencies and heights of

the regular waves generated in SHIPFLOW-Motions. The method described in

ITTC [37] was used along with the modified Pierson-Moskowitz wave spectrum to

compute the added resistance in irregular waves. The wind resistance was calculated

following the method described in ITTC [37]. The KVLCC2 superstructure was assumed

to be placed at the aft of the ship with dimensions typical for a tanker of that size. In

paper C1, the empirical method developed by Guldhammer and Harvald [73] was
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Figure 3.2: Time-varying shaft submergences in waves - BS - Papers C1 and J1.
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Figure 3.3: Calm water propeller speed and propeller speed fluctuations - BS - Paper J1.
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Table 3.6

Speed loss and ship speed in waves - BS - Papers C1 and J1.

Wave Speed Loss - C1 Ship Speed - C1 Speed Loss - J1 Ship Speed - J1

[-] [kts] [kts] [kts] [kts]

BS1 3.98 11.52 4.52 10.98

BS2 4.33 11.17 4.78 10.72

BS3 3.40 12.10 3.82 11.68

applied to compute the calm water resistance. In paper J1, the residual resistance

coefficient CR was computed by averaging the experimental results provided

by Larsson et al. [74]. The friction resistance coefficient CF was determined by

applying the ITTC 57 Model-Ship Correlation Line [75]. The form factors determined

by Larsson et al. [74] were utilized. Table 3.6 shows the speed loss in waves computed

with the described methods.

Hull Pressure Pulses

In paper C1, the propeller-induced pressure was evaluated at a point on the hull surface

located 1.6 RP above the propeller centre. In paper J1, the hull pressure pulses were

evaluated at nine points on a horizontal plane located 1.5 RP above the propeller centre

(see Figure 3.4).

The influence of the hull surface on the pressure pulses was introduced by applying the

concept of solid boundary factor (SBF). In papers C1 and J1, the hull was modelled as a

flat plate of infinite stiffness, resulting in an SBF equal to 2. Additional details regarding
how the hull pressure pulses were computed can be found in papers C1 and J1.
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Figure 3.4: Hull pressure pulses points - BS - Paper J1.
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3.6 Results

3.6.1 Open-Water Conditions

The comparison between the quasi-steady and the fully-unsteady approach shows the

same trend for the thrust coefficient KT and the torque coefficient KQ. Therefore, the

results are presented only for KT for three representative cases: OW1, OW4, and OW7.

Additional outcomes of this study can be found in paper J1.

Thrust Coefficient

Figure 3.5 showsKT against the dimensionless wave encounter period Te. As explained

previously, the quasi-steady approach provides usable results only at the selected time

instance ti. Consequently, for the quasi-steady approach, theKT values are represented

over time by dots. On the other hand, theKT values are presented with a continuous curve

for the fully-unsteady approach. The time instances ti for the quasi-steady calculations

are included as violet vertical lines.

The difference in the temporal mean of KT between the two approaches is below 0.18%.

However, notable differences can be seen when comparing the unsteady propeller forces

at the quasi-steady time instances ti. Table 3.7 shows the maximum relative difference of

KT between the two approaches. It can be observed that the larger the ratio of propeller

angular frequency to wave encounter frequency, the greater the maximum difference in

KT between the quasi-steady and the fully-unsteady approach. This is because of the

influence of the time history of the propeller performance on the prediction of the unsteady

propeller forces also depends on the amplitude of the fluctuation of the time-varying input

data and on how quickly these time-varying input data change in time. In other words, the

case with the largest ratio of propeller angular frequency to wave encounter frequency

produces the highest differences in KT over time because of the greatest and fastest

variation in the propeller wake field.

3.6.2 Behind Ship Conditions

The comparison between the quasi-steady and the fully-unsteady approach exhibits the

same trend for all the considered waves. Therefore, the results are presented only for one
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Table 3.7

Maximum relative difference of KT .

Wave ζA/λ ξA λ/LPP KTD
ωpropd

/ωe

[-] [-] [m] [-] [%] [-]

OW1 0.040 1.123 0.176 1.53 4.77

OW2 0.040 1.529 0.239 2.39 5.88

OW3 0.040 1.997 0.312 3.01 7.02

OW4 0.040 2.527 0.395 3.81 8.17

OW5 0.040 3.120 0.488 4.22 9.35

OW6 0.040 3.775 0.590 4.56 10.53

OW7 0.040 4.493 0.702 4.83 11.73

representative case: λ/LPP = 1.1. For the same reason, the unsteady propeller forces

are reported only in terms of KT . Additional results can be found in papers C1 and J1.

Thrust Coefficient

Figures 3.6 and 3.7 show the thrust coefficient KT computed in paper C1 and paper J1,

respectively. The calm-water values are also added for comparison. Additionally, the

time instances ti for the quasi-steady calculations are included as violet vertical lines. A
representation by dots for the KT values computed with the quasi-steady approach is

not sufficient to have an adequate comparison between the quasi-steady and the

fully-unsteady approach. The solution implemented to overcome this problem consists

of plotting the quasi-steady KT values in sub-domains centred at the corresponding time

instance ti. First and last value of each sub-domain are selected to be in the middle of

two adjacent time instances. This technique generates a discontinuous piecewise

function defined in a domain equal to the corresponding wave encounter period. This

solution provides a general overview of the differences between the two approaches

over the wave encounter period.

The difference in the temporal mean of KT between the two approaches is below 0.16%
(in both papers C1 and J1). Figure 3.6 shows higher differences in KT over time than

Figure 3.7. This is because the blade-wake geometry was not reconstructed in the

fully-unsteady approach used in paper C1. Compared to the open-water case, negligible

differences in KT over time can be noticed. This is mainly related to the relatively

reduced impact of the time-varying wake field on the variation of the angle of attack (for

each blade section) caused by the high propeller loading (due to the increase in ship

resistance).

Cavitation Volume

Figure 3.8 shows the variation of the cavity volume for the key blade over the propeller

blade angle. The cavity volume is nondimensionalized by dividing its absolute value to

the maximum value of the cavity volume in calm water conditions. The same technique

implemented to plot the quasi-steady propeller forces (quasi-steady results presented in

sub-domains centred at the blade angles corresponding to the quasi-steady time

instances ti) can not be applied for the cavity volume. This is because the propeller

speed fluctuations desynchronize the position of the propeller blades between the

quasi-steady and the fully-unsteady simulations. The solution applied to solve this

problem consists of interpolating the cavitation peaks of the quasi-steady approach over

the encounter wave period. This envelope, presented in red in Figure 3.8, allows
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comparing the variation in time of the cavitation peaks between the quasi-steady and the

fully-unsteady approach.

A negligible difference in maximum cavity volume can be noticed between the quasi-

steady and the fully-unsteady approach. This outcome is mainly related to the moderate

time-variation of the shaft submergence and the good agreement in unsteady propeller

forces between the two approaches.

Hull Pressure Pulses

Figure 3.9 shows the propeller-induced pressure coefficient CP computed in paper C1.

Figure 3.10 displays the first three harmonics of the hull pressure pulses computed in

paper J1 for one representative case: BS2 - t/Te = 0.59.

A negligible difference in propeller-induced pressure pulses between the quasi-steady

and the fully-unsteady approach can be noticed. This outcome is primarily related to the

good agreement in unsteady propeller forces and in cavitation volume.
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Figure 3.6: KT comparison - BS2 - Paper C1.
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3.7 Conclusions

The quasi-steady and a fully-unsteady approach were compared by computing the

propeller performance of the KVLCC2 in the presence of waves. The comparison in

open-water conditions revealed small differences in the temporal mean and the

fluctuation amplitude of the propeller forces. The comparison in realistic case scenarios

presented insignificant differences in the temporal mean and the fluctuation amplitude of

the propeller forces and negligible differences in the cavity volume variation and hull

pressure pulses. It is possible to conclude that the propeller performance predicted by

the quasi-steady and the fully-unsteady are in good agreement.
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4 Papers J2 and J3:

Propulsion Performance in Waves

4.1 Introduction

The prediction of the performance of the propulsion system of a ship is generally

conducted in ideal weather conditions. The influence of environmental effects on

propeller-shaft-engine interaction is commonly ignored. However, the accurate

estimation of the installed power of the main engine and the correct determination of the

optimum route and speed of a vessel require a precise prediction of the propulsive

forces in realistic operating conditions. At the same time, the accurate evaluation of the

response of lean-burn natural gas engines under dynamic loads is crucial to reduce and

control unburnt methane emissions. The prediction of the propulsive forces and engine

compounds requires the modelling of the time-varying performance of the ship

propulsion system.

4.1.1 Paper J2

The primary aim of paper J2 is to determine the accuracy of the modelling necessary to

predict the propulsive forces in off-design conditions. This was achieved by modelling the

ship propulsion system at three different levels of complexity (three implementations of

the same ship propulsion system model):

• Model 1 - Steady propeller-engine model.

This model resembled the traditional way to predict the propeller-engine

performances in waves. The wave effects were taken into account only in terms of

added resistance. The propeller performance was computed by neglecting

propeller close-to-or-breaking water effects, ship motions, and time-varying wake

field. The propeller forces associated with the blade passage frequency were

disregarded. As a result, the engine torque and speed were time-invariant.

• Model 2 - Unsteady propeller-engine model with fixed engine speed.

In this model, the engine speed was assumed to be time-invariant. Ship motions,

propeller close-to-or-breaking water effects, time-varying wake field, and added

resistance were taken into account. The propeller forces associated with the blade

passage frequency were computed. Consequently, the engine torque was

fluctuating, but the propeller speed was time-invariant.

• Model 3 - Unsteady propeller-engine model with PID control system.

The propeller-engine dynamics was taken into account in this model. Furthermore,

time-varying wake fields, ship motions, propeller close-to-or-breaking water

effects, and added resistance were considered. The propeller forces associated

with the blade passage frequency were included. A PID

(proportional-integral-derivative) control system was applied to control the engine

speed. Therefore, the engine torque and speed were time-variant.

Table 4.1 summarises the differences between the three models.
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Table 4.1

Model 1, 2, and 3 comparison - Paper J2.

Characteristic Model 1 Model 2 Model 3

Wind resistance Yes Yes Yes

Added wave resistance Yes Yes Yes

Heave motion No Yes Yes

Pitch motion No Yes Yes

Surge motion and velocity No Yes Yes

Blade passage forces No Yes Yes

Propeller close-to-or-breaking water effects No Yes Yes

Time-varying propeller wakefield No Yes Yes

Time-varying engine speed No No Yes

Propeller pitch Same value for all the models

Average ship velocity Same value for all the models

4.1.2 Paper J3

The main goal of paper J3 is to determine the importance of the transient loads on the

fuel consumption, combustion efficiency, knock phenomenon, and emission compounds

during harsh weather conditions. This was accomplished by estimating the unburnt

hydrocarbon formation with Model 3.

4.2 Case Vessel

The full-scale ro-ro cargo ship M/S Kvitbjørn was utilized as case study in papers J2

and J3. The propulsion system was powered by a medium-speed four-stroke lean-burn

natural gas engine paired with a controllable-pitch propeller. The main ship

specifications, propeller characteristics, engine specifications, and engine gas data are

shown respectively in Tables 4.2, 4.3, 4.4, and 4.5.

Table 4.2

Kvitbjørn vessel - Papers J2 and J3.

Length between perpendiculars 117.6m

Breadth 20.8m

Design draft 5.5m

Design shaft submergence 3.3m

Service speed 15 kts

Table 4.3

Propeller main data - Papers J2 and J3.

Diameter 4.2m

Design propeller speed 142 rpm

Number of blades 4

AE/AO 0.515

(P/D)D0.7
0.975

Table 4.4

Engine main data - Papers J2 and J3.

Number of cylinders 9

Cylinder bore 350mm

Cylinder stroke 400mm

Rated speed 750 rpm

Rated power (MCR) 3940 kW

Connecting rod 810mm

Table 4.5

Gas main data - Papers J2 and J3.

Specific energy consumption 7550 kJ/kWh

Gas consumption at MCR 825m³n/h

Gas consumption at MCR 660g/h

Minimum gas feed at MCR:

- at engine inlet 3.2barg

- to press. control module 3.5barg
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Table 4.6

Wave characteristics - W214 refers to A2 , λ/LPP 1
, and θ4 - Papers J2 and J3.

N◦
A ξA N◦

λ/LPP
λ/LPP N◦

θ θ

[-] [m] [-] [-] [-] [deg]

A1 0.5 λ/LPP1 0.6 θ1 180

A2 1.0 λ/LPP2 0.8 θ2 120

A3 1.5 λ/LPP3 1.0 θ3 60

A4 2.0 λ/LPP4 1.2 θ4 0

4.3 Ship Propulsion System Model

The MATLAB-SIMULINK co-simulation environment with a fixed-step solver was

employed to design the ship propulsion system model. The different subsystems were

modelled in a distributed manner [76], and they behaved conceptually like black boxes.

The subsystems were solved separately and independently from each other. The data

exchange between subsystems was limited to time-discrete communication points [77].

The exchanged data between blocks were extrapolated based on the information from

the previous time-discrete communication points.

Figure 4.1 shows the block diagram of the coupled system. Five main subsystem blocks

were implemented to determine the ship performance in the presence of waves:

• Sea State. This block represented the state of the sea and provided the wave

characteristic to the vessel model.

• Vessel Model. The vessel dynamics was implemented in this block. Based on the

wave characteristic, propeller thrust, and desired engine speed, the time-invariant

propeller pitch and the time-varying ship velocity, wake field, and ship motions were

computed and given as input to the propeller model.

• Propeller Model. The propeller performance was computed in this block. The

necessary inputs were the time-varying propeller speed received from the

transmission model and the data provided by the vessel model. The calculated

torque was input to the transmission model.

• Engine Model. The engine performance was calculated in this block. In the case

of Model 3, the rotational speed of the engine was computed based on the time-

varying torque received from the transmission model, engine control system, and

inertia of the propulsion system.

• Transmission Model. This block provided speed and torque conversions from the

propeller to the engine and vice-versa. The main components of the transmission

model were the gearbox, propeller shaft, and flywheel.

4.3.1 Sea State

Sixty-four regular waves were considered by combining four wave amplitudes, four wave

directions, and four wavelengths. The wave direction was relative to the ship, and 180◦

was considered as a head wave. Table 4.6 shows the wave characteristics.
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4.3.2 Vessel Model

The vessel model computed the data necessary for the calculation of the propeller

performance in waves: average speed loss, propeller pitch angle, and time-varying

propeller depth, surge velocity, and wake field. Model tests in calm water conditions

performed by SINTEF Ocean (former MARINTEK) provided the nominal wake

distribution at the design ship speed and the total ship resistance, thrust deduction

fraction, and effective wake fraction as a function of the ship velocity. The conversion of

the resistance from model to full scale was performed by using the form factor

method [78]. The effective wake fraction was scaled according to the procedure

described in ITTC [79]. The thrust deduction fraction and the relative rotative efficiency

were considered free from scale effects.

Propeller Pitch and Average Speed Loss

A controllable-pitch propeller with average-speed was implemented for the vessel

model. The average propeller rate of revolutions was set equal to the target crankshaft

rotation rate n̄ = 750 rpm divided by the gear ratio GR = 5.25. The blade pitch was

adjusted to maintain the average ship speed in waves equal to its design value if the

engine was capable of continuously producing the required power. The propeller pitch

was readjusted if the engine could not supply the demanded power, and the

corresponding average speed loss was determined. The average speed loss and the

propeller pitch were obtained following the procedure recommended by ITTC [80]. For

the sake of comparison, the propeller pitch and average speed loss computed for each

wave condition were identical in the three models. The added wave resistance was

computed in irregular waves even though regular waves were considered for the

interaction with the propulsion power plant. This was performed to have realistic values

for both the total ship resistance and the propeller-engine loads. The DTU in-house

method described by Martinsen [81] was applied to compute the added resistance in

regular waves. The modified Pierson-Moskowitz wave spectrum was used along with

the method reported in ITTC [37] to calculate the added resistance in irregular waves.

Sea State

Vessel Model

Propeller Model Transmission Model Engine Model

ξA, θ, λ/LPP

P/DP , VS , wE , ˙η1T , hPTP , n̄/GR

QenP

Qp
ne

Figure 4.1: Block diagram of the propulsion system model - Papers J2 and J3.
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The irregular waves had significant wave heights and peak frequencies equal to the

wave heights and frequencies of the considered regular waves. The wind resistance

was calculated following the procedure described by ITTC [37].

Ship Motions

Heave and pitch transfer functions were obtained by using the closed-form expressions

of Jensen et al. [49]. The surge response amplitude operator (RAO) was computed by

applying the method described by Honkanen [48]. The time-varying propeller depth and

surge velocity were determined at the computed vessel speed. Figures 4.2, 4.3, and 4.4

show the heave, pitch and surge velocity RAO in different wave conditions at design ship

speed.

Time-Varying Wake Field

The scaling procedure provided by Sasajima et al. [82] was applied to obtain the

nominal wake distribution in full-scale. The entire wake field was contracted to avoid

time-consuming calculations. The obtained nominal wake fraction was further scaled to

match the full-scale effective wake fraction (at the corresponding speed of the ship).

Details of the full-scale nominal wake distribution can be found in paper J2.

The method proposed by Taskar et al. [57] was employed to determine the scale factors

for the computation of the time-varying wake fields in waves. This approach considers a

dimensionless mean increase in propeller inflow Vm and a fluctuating velocity component

Vf as follows:

Vt = Vm · Vf (4.1)

The mean increase in velocity Vm is calculated assuming the bottom of the ship to be

a flat plate that is pitching harmonically, as described by Faltinsen [28]. The fluctuating

velocity Vf is computed by including the surge motion effect and the orbital motion of water

particles in an attenuated wave at the stern, as explained by Ueno et al. [16]. Details of

the time-varying inflow averaged over the propeller disk can be found in paper J2.

Thrust Deduction Fraction

The thrust deduction fraction was assumed to be equal to its value in calm water

conditions. This assumption was the result of two main reasons. One, open literature

provided minimal knowledge concerning how the thrust deduction fraction varies in the

presence of waves. Two, performing either time-consuming CFD simulations or

expensive model-scale experiments was beyond the scope of papers J2 and J3.

4.3.3 Propeller Model

The unsteady low-order boundary-element method implemented by DTU in ESPPRO (see

Regener [67] or Section 3.4) was utilized as the main tool for the propeller analysis.

The quasi-steady approach discussed in papers C1 and J1 was applied to compute the

propeller performance in the presence of waves. The quasi-dynamic approach described

by Minsaas et al. [54] was used to compute the reduction of thrust and torque caused

by the loss of propeller disk area, wave-making by the propeller, and Wagner effect. This

method implements a thrust diminution factor β for the correction of the performance of a

propeller that is deeply submerged (see Equation 4.2).

KTβ
= β ·KT0 KQβ

= β0.8 ·KQ0 (4.2)
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Figure 4.2: Heave RAO at the design ship speed - Papers J2 and J3.
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Figure 4.3: Pitch RAO at the design ship speed - Papers J2 and J3.
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Figure 4.4: Surge velocity RAO at the design ship speed - Papers J2 and J3.
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4.3.4 Engine Model

The GT-POWER Engine Simulation Software [83] was utilized to set up the engine

system simulation model, estimate the engine performance, compute the unburnt

hydrocarbon formation, and model the fundamental components of the engine. The flow

process of the engine started by drawing air from the external environment into the

compressor. After the compression process, the high pressure-temperature air was

cooled down by an intercooler that used a sea-water-based coolant. The low

pressure-temperature air was then guided through a nine port inlet manifold. The gases

produced by the combustion process moved sequentially across the exhaust valves,

exhaust port, exhaust manifold, turbine, and then into the atmosphere. The turbine and

the compressor were connected via a mechanical-rigid shaft. The engine was equipped

with a variable-geometry turbocharging system to benefit from the power increase

offered by the extended knock limit of the lean mixture. Figure 4.5 shows a schematic of

the described engine model.

A load-based approach was implemented for the engine model. In this methodology, the

engine speed is computed based on the engine control system, the torque demanded by

the propeller, the total inertia of the propulsion system. Two PID controllers constituted

the engine control system: one installed directly on the fuel valve and one employed to

regulate the air-fuel ratio. The former used the difference between the target crankshaft

rotation rate n̄ and the measured engine speed to regulate the fuel valve opening and

restore the desired speed. The latter varied the effective aspect ratio of the variable

turbine based on the instantaneous fuel flow rate. In paper J3, nitrogen oxides (NOx)

and unburnt hydrocarbons (UHCs) emissions were computed by following the methods

described respectively by Warnatz et al. [84] and Lavoie [85]. Additional details of the

engine model can be found in papers J2 and J3.

Figure 4.5: Schematic of the engine model - Papers J2 and J3.
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4.3.5 Transmission Model

The power transmission system was modelled as a rigid body in GT-POWER [83]. All

the rotating elements of the propulsion system were considered, including the

mechanical shaft, camshaft, crankshaft, flywheel, gearbox, propeller, and seawater. The

engine manufacturer provided the mass moment of inertia and the mechanical efficiency

of the power transmission system.

4.4 Results

4.4.1 Comparison 1: Model 1 vs Model 2 - Paper J2

This comparison is necessary to evaluate the impact of the time-varying wake field, ship

motions, and propeller close-to-or-breaking water effects on the prediction of the

propulsion system performance in the presence of waves. Specifically, the time-varying

wake field generates fluctuating engine loads, which may differ significantly from the

time-invariant engine torque determined in the steady analysis. The pitch and heave

motions cause the propeller depth to change in time, which may lead to a drastic

reduction in engine torque if the propeller operates close to or partly above the water

surface. The time-varying engine torque and the propeller submergence may also

produce a decrease in propeller efficiency. The computational time, engine torque, and

propeller efficiency of Model 1 and 2 are compared. For brevity, only the comparison of

the engine torque is presented. Additional results can be found in papers J2 and J3.

Average Engine Torque

Figure 4.6 displays the relative per cent difference between the temporal mean of the

engine torque estimated in one encounter wave period by Model 2 and the steady

torque calculated by Model 1. A negative value indicates an overestimation of the

propeller loading predicted by Model 1 compared to Model 2. The dot represents the

case where the propeller is deeply submerged. The general trend of the results shows a

reduction in propeller torque when the time-varying wake field, ship motions, and

propeller close-to-or-breaking water effects are taken into account. This result is mainly

related to both the increase of propeller inflow velocity and the propeller being partly

above the water surface. Figure 4.6 demonstrates that close-to-or-breaking water

effects play a major role in the prediction of the propulsive performance in waves.

Nevertheless, it could also be noted a difference up to 2.5% in engine torque between

Model 1 and 2 when the propeller is deeply submerged.

Engine Torque Amplitude

Figure 4.7 displays the amplitude of the engine torque estimated by Model 2 as the

percentage of the steady torque calculated by Model 1. This investigation is necessary

to understand the importance of the amplitude of the fluctuating torque in the estimation

of the propulsion system performance in the presence of waves. On this matter, the

case of the deep propeller submergence is particularly relevant. This is because the

relative per cent difference in average engine torque between Model 1 and 2 is not so

pronounced when the propeller is far from the water surface. Consequently,

investigating the propeller-engine performance in the case of the deep propeller

submergence may be considered unnecessary. However, Figure 4.7 demonstrates the

importance of considering the effect of the time-varying wake field and ship motions on

the estimation of the propeller-engine loads even when the propeller is far from the

water surface. Therefore, the amplitude of the fluctuating torque caused by the
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Figure 4.6: Difference in average engine torque between Model 1 and 2 - Paper J2.
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Figure 4.7: Model 2 torque amplitude as a percentage of Model 1 torque - Paper J2.

time-varying wake field and ship motions is not negligible. In the event of the propeller

close to or partly above the water surface, it is possible to notice a significant value of

the torque amplitude estimated by Model 2 as a percentage of the steady torque

calculated by Model 1. This result confirms the importance of close-to-or-breaking water

effects in the computation of the propulsion system performance in waves.

4.4.2 Comparison 2: Model 2 vs Model 3 - Paper J2

This comparison is necessary to evaluate the importance of the propeller speed

fluctuations on the prediction of the propulsion system performance in the presence of

waves. In particular, the fluctuation of the engine speed caused by the time-varying

torque required by the propeller may substantially alter the propulsive loads. This is

especially relevant in the case of propeller close to or partly above the water surface,

where a sharp reduction in engine torque may occur. The computational time and

engine torque of Model 2 and 3 are compared. Additionally, the brake specific fuel

consumption computed by Model 3 is estimated. For brevity, only the comparison of the
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engine speed and torque is presented. Additional results can be found in papers J2

and J3.

Engine Speed and Torque

The general trend of the results shows a reduction in torque in Model 3 compared to

Model 2. The magnitude of the reduction in engine torque depends on the combined

effect of the propulsion system specifications, wave characteristic, and PID control system

characteristics. For brevity, the results are only presented for two representative examples

where the propeller is either close to or partly above the water surface: W342 and W343.

These two sea states have the same wavelength and wave amplitude but different wave

direction: θ = 120◦ for the former and θ = 60◦ for the latter. Figures 4.8 and 4.9 present
the engine torque computed by Model 2 and 3. Figure 4.10 shows the engine speed

estimated by Model 3 for the same sea states.

In both W342 and W343, the engine torque starts decreasing rapidly at the time when the

propeller is close enough to the water surface. The PID control system responds to this
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Figure 4.8: Engine torque - Model 2 and 3 - Sea state W342 - Paper J2.
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Figure 4.9: Engine torque - Model 2 and 3 - Sea state W343 - Paper J2.
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Figure 4.10: Engine speed - Model 2 and 3 - Sea state W342 and W343 - Paper J2.
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Figure 4.11: Engine speed - Model 2 and 3 - Sea state W432 - Paper J2.

drop in torque by limiting the increase in engine rotational speed. The acceleration of

the engine speed is quite gentle because of the characteristics of the PID controllers and

the inertia of the propulsion system. Moreover, it is possible to notice an overshooting

in engine torque as soon as the propeller is deeply submerged again. This is caused

by the quick variation in required propeller torque in combination with the action of the

PID control system. A higher drop in torque for W342 than W343 can be observed when

comparing Figure 4.8 to Figure 4.9. This is mainly related to the different ship motions

generated in quartering sea compared to bow sea. The difference in torque reduction

between W342 and W343 can also be seen through the different amplitude of the engine

speed. The maximum amount of engine overspeeding is also verified to prove the safety

of the propulsion system. An excessive overspeed can result in damage to the crankshaft,

broken valve seats, and other dangerous phenomena. Generally, the maximum allowed

overspeed is around 110 − 115% of the maximum continuous speed (MCS). Figure 4.11

shows the engine speed fluctuation for the harshest condition considered: W432. The

maximum overspeed is lower than 103% of the MCS: this demonstrates the safety of the

implemented control-strategy.
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4.4.3 Nitrogen Oxides and Unburnt Hydrocarbons: Model 3 - Paper J3

Figures 4.12 and 4.13 respectively show the NOX and UHC emissions estimated by

Model 3. Both emission quantities are normalised with their values calculated in steady-

state conditions. For the sake of clarity, the scale of Figures 4.12 and 4.13 are limited at

3.0. Figures 4.12 and 4.13 displays a significant increase in emissions when the propeller
operates close to or partly above the water surface. Nevertheless, in the case of the

deep propeller submergence, the normalised nitrogen oxides emissions increase up to

20%, and the normalised unburnt hydrocarbons raise to 30%. Furthermore, comparing

Figure 4.12 to Figure 4.13 demonstrate that lean-burn natural gas engines are more

sensitive to UHC formation than NOX production. These outcomes suggest that the

application of the selected lean-burn natural gas engine is questionable because of the

high production of unburnt hydrocarbon emissions caused by the presence of the wave.

Additional results regarding the importance of transient loads on the combustion efficiency

and knock phenomenon can be found in paper J3.
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Figure 4.12: Normalised NOX - Paper J3.
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Figure 4.13: Normalised UHC - Paper J3.
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4.5 Conclusions

The performance of a propulsion system powered by a medium-speed four-stroke

lean-burn natural gas engine with a controllable-pitch propeller was computed. In J2,

the marine propulsion system was modelled at three different levels of complexity

(steady, unsteady with fixed engine speed, and unsteady with PID control system). The

presented results showed a comparison in terms of engine torque and speed between

the three implementations of the same propulsion system model. A significant

overestimation of the temporal mean of the engine torque computed by the steady

engine-propeller model was reported (up to 35%). The torque amplitude estimated by

the unsteady engine-propeller models was up to 60% of the steady torque determined

by neglecting the time-varying wake field, ship motions, and propeller

close-to-or-breaking water effects. The differences between the steady and unsteady

models were more pronounced when the propeller was close to or partly above the

water surface than when the propeller was deeply submerged. These outcomes indicate

that neglecting time-varying wake field, ship motions, and propeller close-to-or-breaking

water effects lead to a poor prediction of the propulsive forces in the presence of waves.

The prompt response of the engine combined with the characteristic of the engine

control system led to a negligible decrease in engine torque compared to the case

where the engine speed was time-invariant (up to 5%). This result would allow

computing the propulsive forces of the considered hull-propeller-shaft-engine system

with acceptable precision without modelling the dynamic response of the engine. In

paper J3, the unsteady engine-propeller model with PID control system was utilized to

compute the emission compounds in harsh weather conditions. The results showed a

significant increase in NOX and UHC emissions compared to calm water conditions.
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5 Papers J4 and J5:

Propulsive Coefficients in Waves

5.1 Introduction

The precise estimation of the main engine power and the ship performance in realistic

weather conditions require the understanding of how the effect of waves impacts the

propulsion performance of a vessel. Numerous studies were carried out to predict the

wave added resistance, but not much research focused on how propulsion coefficients

change in realistic operating conditions, especially in following seas. The majority of the

studies conducted to investigate the variation of the propulsion coefficients in waves do

not separate the effect of the ship motions from the influence of the wave added

resistance. It is also believed that overload self-propulsion tests in calm water conditions

based on the wave added resistance might be sufficient to estimate the influence of

waves on the propulsive coefficients. According to Faltinsen [28], this is particularly

applicable for the determination of the thrust deduction fraction.

Paper J4 reports the results of load-varying self-propulsion model-scale numerical

simulations in calm water conditions carried out to determine how the propeller loading

influences the thrust deduction fraction. Paper J5 provides the results of load-varying

self-propulsion model-scale experiments in calm water and regular head and following

waves performed to separate the effect of the ship motions from the influence of the

wave added resistance on the propulsive coefficients.

5.2 Paper J4

The main goal of paper J4 is to study the influence of the propeller loading on the thrust

deduction fraction. This was accomplished by performing load-varying self-propulsion

model-scale numerical simulations in calm water conditions. The commercial

SHIPFLOW package version 6.5.09 [86] was used as the main numerical tool.

Verification and validation process for the total resistance, propeller open-water

performance, and thrust deduction fraction were also conducted.

5.2.1 Case Vessel and Tow Forces

The publicly available model-scale hull of the single screw KVLCC2 tanker with the

MOERI’s corresponding propeller was selected as the case study (see Table 3.1

and Table 3.2 or Kim et al. [66]). The scale ratio was set equal to 58. Table 5.1 shows

Table 5.1

KVLCC2 operational condition - Paper J4.

Characteristic Ship Model

Design draft 20.8m 0.359m

Service speed 15.5 kts 2.035 kts

Reynolds number 2.03e+09 4.60e+06

Froude number 0.1423 0.1423
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the details of the considered operational condition for both model and ship. The speed

of the vessel was the same for all the performed simulations. Twenty-one tow forces

were selected for the load-varying self-propulsion model-scale numerical simulations.

The design tow force was calculated according to ITTC [37], and it was equal to 9.98 N.

5.2.2 Computational Set-Up

The SHIPFLOW package contains various flow solver modules for predicting resistance

and flow properties of ships. SHIPFLOW-XPAN is a non-linear three-dimensional

potential-flow code based on a surface singularity panel method. SHIPFLOW-XCHAP is

a viscous flow code that solves the Reynolds-averaged Navier-Stokes equations by

using a finite volume method on multi-block overlapping grids. Additional details on

SHIPFLOW-XPAN and SHIPFLOW-XCHAP can be found in Larsson et al. [86]. An

iterative viscous-potential coupling approach addresses the hull-propeller interaction.

The presence of the propeller is introduced in the RANS solution by adding the propeller

body forces computed with a lifting-line model. The influence of the hull is included in

the propeller analysis by transferring the total velocity field from the RANS solver to the

propeller model. Details regarding the viscous-potential coupling method implemented

in SHIPFLOW can be found in Broberg and Orych [87] . The wave-making resistance

was computed with a transverse wave-cut method [88]. The ship was kept in a fixed

position during the computation (dynamic sinkage and trim were neglected). The

boundary layer was solved without introducing the wall function. The target values for

the dimensionless wall distance y+ were kept below 0.4 as recommended by Korkmaz

et al. [89]. Additional details of the computational set-up can be found in Paper J4.

Turbulence model

The Reynolds Stress tensor appearing in the RANS equations needs to be modelled to

close the system of equations (known as the closure problem). There are different

techniques to solve the closure problem, such as two-equation models, algebraic stress

models, and Reynolds Stress models. These turbulence models vary in terms of

computational time, accuracy in turbulence modelling, and complexity. The basis for all

two-equation models is the Boussinesq eddy viscosity assumption, which assumes that

the Reynolds stress tensor is proportional to the mean strain rate tensor. A turbulence

model applying the Boussinesq assumption is generated referred to as “linear eddy

viscosity model”. Linear eddy viscosity models might fail to provide satisfactory

predictions for complex three-dimensional flows because of the Boussinesq assumption.

The Explicit Algebraic Stress Model (EASM) computes the components of the Reynolds

stress using algebraic equations with non-linear terms in conventional strain-rate and

rotation-rate. Three turbulence models are available in SHIPFLOW-XCHAP: the EASM,

the two-equation model k-omega BSL, and the two-equation model k-omega SST.

Based on the previous considerations, the EASM was selected in the current work.

5.2.3 Verification

The purpose of the verification was to determine the numerical errors and uncertainties

from the grid discretization for the total resistance, propeller open-water performance, and

thrust deduction fraction. The computer round-off error and the iterative uncertainty were

assumed to be negligible. The number of similar grids for the verification process was

set to four with a target uniform refinement ratio equal to
4
√
2. Grid four was the coarsest,

and grid one was the finest. The Least Squares Root (LSR) approach was applied as the

verification method. The LSR approach is based on the Richardson Extrapolation [91]
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Table 5.2

Verification - RXPI .

Grid NB RW1%

GRXPI4
1.9e+04 10.97

GRXPI3
2.7e+04 5.42

GRXPI2
3.8e+04 1.78

GRXPI1
5.4e+04 0.13

Table 5.3

Verification - RW .

Grid NW NB RW1%

GRW4
8.2e+03 5.4e+04 11.77

GRW3
1.2e+04 5.4e+04 8.05

GRW2
1.6e+04 5.4e+04 5.55

GRW1
2.3e+04 5.4e+04 3.86

Table 5.4

Verification - RV .

Grid NV y+ RV %

GRV4
1.1e+06 0.35 1.85

GRV3
1.9e+06 0.30 1.32

GRV2
3.1e+06 0.25 0.94

GRV1
5.2e+06 0.21 0.66

Table 5.5

Verification - RT .

Grid RT%

GRT4
1.13

GRT3
0.81

GRT2
0.58

GRT1
0.42

Table 5.6

Verification - KT - J = 0.4.

Grid NPOW KT%

GPOW4 1.0e+05 5.77

GPOW3 1.6e+06 4.14

GPOW2 2.8e+06 2.98

GPOW1 4.6e+06 2.14

Table 5.7

Verification - t.

Grid NW NV y+ t%

Gself4
6.2e+04 9.3e+06 0.35 5.67

Gself3
6.6e+04 1.5e+07 0.30 4.15

Gself2
7.0e+04 2.4e+07 0.25 3.03

Gself1
7.7e+04 3.8e+07 0.21 2.22

and Grid Convergence Index [92]. The LSR numerical uncertainty is presented as USN .

Details of the LSR approach can be found in paper J4, Eça et al. [93], and Eça et al. [94].

Resistance - SHIPFLOW-XPAN and SHIPFLOW-XCHAP

Table 5.2 shows the number of hull-body panels NB and the double-body integrated

pressure force in x-direction RXPI in per cent of the wave-making resistance estimated

for the finest grid RW1 . Table 5.3 displays the number of panels NW for the free surface,

number of hull-body panels NB, and numerical uncertainty USN i for the wave-making

resistance RW in per cent of the numerical solution RWi . Table 5.4 shows the number of

cells NV , y
+ target values, and numerical uncertainty USN i for the viscous resistance

RV in per cent of the numerical solution RVi . Table 5.5 displays the numerical

uncertainty USN i for the total resistance RT in per cent of the numerical solution RTi .

The computed discretization error RXPI and the numerical uncertainties for RW , RV ,

and RT are considered satisfactory for the current study.

Propeller Open-Water Performance - SHIPFLOW-XCHAP

The design advance coefficient JD behind ship conditions at the ship propulsion point

was estimated to be 0.399 (based on the results published by Kim et al. [66] and

Molland et al. [78]). Therefore, the grid convergence study was carried out for three

advance coefficients: 0.3, 0.4, and 0.5. The numerical uncertainty and errors showed a

similar trend for all the considered advance coefficients. Thus, results are presented

only for KT for one representative case: J = 0.4. Table 5.6 shows the number of cells

NPOW and the numerical uncertainty USN i for KT in per cent of the numerical solutions

KTi . The computed numerical uncertainties for the propeller open-water performance

are considered acceptable for the present study.

Thrust Deduction Fraction - SHIPFLOW-XPAN and SHIPFLOW-XCHAP

The thrust deduction fraction was computed according to Equation 5.1. The external

tow force FD was calculated according to ITTC [37]. The extrapolated solutions S0 for

the total resistance and propeller open-water performance were applied for the

self-propulsion simulations. Table 5.7 displays the number of panels NW and cells NV ,
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Table 5.8

Validation - CT .

Grid | E% | Uval%

GRT4
1.17 1.52

GRT3
1.07 1.29

GRT2
0.96 1.16

GRT1
0.94 1.09

Table 5.9

Validation - KT - J = 0.4.

Grid | E% | Uval%

GPOW4 2.74 6.01

GPOW3 2.07 4.34

GPOW2 1.66 3.19

GPOW1 1.52 2.39

Table 5.10

Validation - t.

Grid | E% | Uval%

Gself4
2.20 5.88

Gself3
0.85 4.31

Gself2
0.04 3.19

Gself1
0.71 2.42

y+ target values, and numerical uncertainty USN i for the thrust deduction fraction t in per
cent of the numerical solution ti. The computed numerical uncertainties for t are

considered satisfactory for the current study.

t =
TP − (RT − FD)

TP
=

∆R

TP
(5.1)

5.2.4 Validation

The simplified version of the ASME Verification & Validation 20-2009 Standard [95]

presented by Larsson et al. [74] was implemented for the validation method. The

validation comparison error E = S − D (the difference between simulation values and

benchmark data) and the validation uncertainty U2
val=U2

SN+U2
input+U2

D (the

combination of uncertainties in the benchmark data UD, uncertainties in the simulation

USN , and uncertainties in the input parameters Uinput) were estimated. Uinput was

assumed to be negligible (strong model concept). The modelling needed to be improved

if | E |�Uval. The modelling error fell within the “noise level” of Uval caused by

numerical and experimental data uncertainties if | E |≤Uval.

Resistance

The results of the resistance tests performed by Kim et al. [66] were used as benchmark

data. The total resistance estimated in the verification process was utilized to compute

the validation comparison error E and the validation uncertainty Uval as a per cent of the

benchmark data for each grid. Table 5.8 shows the results of the validation process. The

estimated validation comparison error and validation uncertainty are acceptable for the

present study.

Propeller Open-Water Performance

The experimental open-water data provided by Moeri [96] was used as benchmark data.

The propeller open-water performance estimated in the verification process was used

to compute the validation comparison error E and the validation uncertainty Uval as a

per cent of the benchmark data for each grid. The outcomes of the validation process

showed a similar trend for all the considered advance coefficients. Therefore, results are

presented in Table 5.9 only for KT for one representative case: J = 0.4. The results of
the validation process are considered satisfactory for the current study.

Thrust Deduction Fraction

The results of the self-propulsion tests performed by Kim et al. [66] were used as

benchmark data. The thrust deduction fraction estimated in the verification process was

utilized to compute the validation comparison error E and the validation uncertainty Uval

as a per cent of the benchmark data for each grid. Table 5.10 shows the results of the
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validation process. The computed validation comparison error and validation uncertainty

are considered acceptable for the present study.

5.2.5 Results

Grids

Based on the results of the verification and validation process, grid GRXPI1
, GRW1

, and

GRV1
were utilized for the total resistance, grid GPOW 1 was used for the propeller open-

water performance, and grid Gself1
was applied for the self-propulsion simulations.

Load-varying self-propulsion model-scale simulations

Figure 5.1 shows the thrust deduction fraction t against the propeller thrust coefficient

TP . The experimental value provided by Kim et al. [66] is also included. The Pearson

correlation coefficient (PCC) between the thrust deduction fraction and the propeller

loading is −0.991. This indicates a strong (but not-perfect) negative linear correlation

between t and TP in the considered range of propeller loading. The non-linear

relationship between the loading of the propeller and ∆R causes the Pearson

correlation coefficient to be less than 1.0. This concept is clarified by expressing the

divisor of Equation 5.1 as a function of TP . A linear, quadratic, and cubic trend lines

were determined for the tow force FD by applying the least-squares method [97]. For

the sake of comparison, the y-intercept of the three trend lines was set equal to RTS0

(extrapolated solution S0 for the total resistance RT ) even though the resistance

extrapolated at zero propeller thrust FTP=0 was higher than the bare hull resistance.

• Linear: ˆFD1 = f1(TP ) = a1 · TP + RTS0
.

• Quadratic: ˆFD2 = f2(TP ) = a2 · T 2
P + b2 · TP + RTS0

.

• Cubic: ˆFD3 = f3(TP ) = a3 · T 3
P + b3 · T 2

P + c3 · TP + RTS0
.

The thrust deduction fractions evaluated by substituting ˆFDi in Equation 5.1 are added

to Figure 5.1. In the case of the linear trend line for FD, the thrust deduction fraction

t̂1 = h( ˆFD1 , TP ) is a constant value. Similarly, t̂2 = h( ˆFD2 , TP ) is linear, and t̂3 = h( ˆFD3 , TP )
is quadratic.

• FD1 ⇒ t̂1 = 0.1707.

• FD2 ⇒ t̂2 = −0.0025 · TP + 0.214.

• FD3 ⇒ t̂3 = 0.00008 · T 2
P −0.005 · TP + 0.233.

Figure 5.1 shows a poor agreement between the thrust deduction fraction computed

with FD1 and the thrust deduction fraction calculated by SHIPFLOW. On the other hand,

a fair match can be seen for the linear thrust deduction fraction t̂2. The quadratic thrust
deduction fraction t̂3 exhibits the best agreement with the values computed by

SHIPFLOW. This result explains the non-perfect linear relationship between TP and t.
Nevertheless, t̂2 can be applied to predict the relationship between the thrust deduction
fraction and the propeller loading with sufficient accuracy in the range of considered TP .

On a different note, the inverse correlation between the thrust deduction fraction and the

propeller loading is related to the magnitude of the first derivative of∆Rwith respect to TP .

If ∂∆R/∂TP is larger than t, the thrust deduction fraction increases with the increase of the
propeller thrust TP . This produces a positive relationship between the thrust deduction

fraction and the propeller loading. If ∂∆R/∂TP is smaller than t, the thrust deduction
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Figure 5.1: t computed using different trend lines for FD - Paper J4.
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Figure 5.2: t as a function of JA - Paper J4.

fraction decreases with the increase of the propeller thrust TP . This produces a negative

relationship between the thrust deduction fraction and the loading of the propeller. In the

current study, ∂∆R/∂TP resulted to be smaller than t in the range of considered TP .

For the sake of completeness, the thrust deduction fraction t is shown against the advance
coefficient JA = Vs (1−wE) · (nPDP )

−1 in Figure 5.2. The design value JD estimated with

the results published by Kim et al. [66] and Molland et al. [78] is added. The obtained

values of JA range between 0.32 and 0.45. This confirms the correctness of the choice of
J in the validation and verification process.

5.2.6 Comparison with model-scale experiments in waves

It is also relevant to compare the results of the current study with the thrust deduction

fraction computed in calm water and in regular short head waves for the KVLCC2 tanker

by Lee et al. [1]. The length between perpendiculars of the model was 6.491 m, and the
wavelength was 0.6 times LPP . The wave steepnesses were ζA/λ = 0.007 and

ζA/λ = 0.017. The results of the experiments were extrapolated to full-scale according to
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Figure 5.3: t computed by Lee et al. [1] - Paper J4.

the revised ITTC-78 method [79]. Figure 5.3 shows the thrust deduction fraction against

the propeller thrust for three ship velocities: 14.5, 15.0, and 15.5 kts. It is possible to

notice a similar trend for all the presented curves. Additionally, the Pearson correlation

coefficients between the thrust deduction fraction and the propeller loading for the three

curves range from −0.9885 to −0.9997. These values are in line with the results of the

computations performed by SHIPFLOW. This outcome reveals a small influence of the

ship motions on the thrust deduction fraction for the considered case vessel.

5.2.7 Conclusions

The thrust deduction fraction was computed for different tow forces at the same ship

speed in calm water conditions. The results revealed a non-linear inverse correlation

between the thrust deduction fraction and the propeller loading. However, in the

considered range of propeller loading, the linear trend line between TP and t showed a

good agreement with the computed thrust deduction fraction. Additionally, a comparison

with the thrust deduction computed in calm water and regular head waves by Lee

et al. [1] was carried out. The outcome suggested that the ship motions have a small

influence on the magnitude of the thrust deduction fraction in waves. The verification

process showed low numerical uncertainties for the total resistance of the ship (below

1%). The numerical uncertainties for the propeller open-water performance and the

thrust deduction fraction were considered acceptable for the current investigation

(around 2%). The validation process showed that viscous-potential coupling

implemented in SHIPFLOW is suitable for the computation of the thrust deduction

fraction. Similarly, the total resistance and the propeller open-water performance

exhibited a good match with benchmark data.

5.3 Paper J5

The main goal of paper J5 is to study the influence of the ship motions and wave added

resistance on the propulsive coefficients separately. This was accomplished by

performing load-varying self-propulsion model-scale experiments in calm water and

regular head and following waves. Resistance measurements (with rudder and dummy

propeller hub) in calm water were also carried out. The experimental campaign was
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Table 5.11

Ship main specifications (* measured values) - Paper J5.

Symbol Full Scale Model Scale

LPP 355.0m 5.577m

BWL 51.0m 0.801m

TM 14.5m 0.228m

∆ 173467.6 t 672.90 kg*

SW 22162.99m2 5.471m2

KG 19.851m 0.236m*

GM 5.100m 0.156m*

Table 5.12

Propeller main characteristics (* measured values) - Paper J5.

Symbol Full Scale Model Scale

DP 8.911m 0.140m*

P/DP0.7
0.959 0.959*

AE/AO 0.800 0.800

DH/DP 0.176 0.176*

cP /DP0.7
0.3600 0.3600*

tP /cP0.7
0.0198 0.0198*

conducted in the large towing tank at SINTEF Ocean. The wave added resistance, ship

motions RAOs, axial wake fraction, thrust deduction fraction, relative rotative efficiency,

hull efficiency, propeller open-water efficiency, propeller efficiency behind ship, and

propulsive efficiency were determined.

5.3.1 Case Vessel

The publicly available hull data of the single screw Duisburg Test Case (DTC) [98] were

selected as the model test case. The DTC is a modern 14000 TEU post-Panamax

container ship developed at the Institute of Ship Technology, Ocean Engineering and

Transport Systems (ISMT) of the University of Duisburg-Essen (UDE). The model was

constructed in scale 1:63.65 at SINTEF Ocean in conjunction with the EU research

project SHOPERA (Energy Efficient Safe SHip OPERAtion) [99]. The vertical centre of

gravity of the model was lowered compared to the design value to increase stability.

Table 5.11 shows the main specifications of the DTC hull. The model was equipped with

the fixed-pitch right-handed P1513 propeller (see Table 5.12) and a twisted rudder with

a Costa bulb. Additional details of the constructed DTC hull can be found in paper J5.

5.3.2 Test Set-Up

Figure 5.4 shows a schematic of the arrangement implemented for the experimental

campaign. The model was connected to the carriage by both lightweight wires and a

transverse beam installed on the model deck at amidships. Two force transducers, one

port side and one starboard, were attached to the beam to measure the tow force. The

spring stiffness was set to avoid resonance related issues. Specifically, the

eigenfrequency of the model in surge direction was less than 1/8.5th of the lowest wave
encounter frequency. The wave calibration was performed without the presence of the
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Figure 5.4: Model-test set-up - Paper J5.

model to ensure the accuracy of the generated waves. Three fixed probes (two attached

to the carriage and one located at approximately 10 m from the wavemaker) were used

to monitor the regularity of the waves along the travel path. The six degrees of motions

of the model were recorded with the optoelectronic measuring OQUS system. A

dynamometer was used to measure the propeller thrust, torque, and rate of revolutions.

Five accelerometers (three at the aft perpendicular, one at LPP / 2, and one at the

forward perpendicular) were placed to record the acceleration of the model for quality

control of the measured motions. The wave elevation was measured at the forward

perpendicular for the head waves and at the aft perpendicular in the case of the

following waves. The wavemaker flap motion was also recorded.

5.3.3 Model-Test Program

Table 5.13 displays the test conditions carried out in the experiments. The wave

direction was relative to the ship, and 180◦ was considered as a head wave. In addition
to the classic resistance test in calm water (with rudder and dummy propeller hub),

load-varying self-propulsion tests in regular head and following waves and calm water

were performed. In this type of propulsion experiment, the propeller speed is varied, and

the speed of the model is fixed. Traditionally, this procedure is referred to as the British

Method for propulsion tests. Table 5.14 shows the velocity of the model and the

propeller speeds selected in the experiments. The four propeller rates of revolutions

were obtained in calm water conditions. The lowest rps represents the close-to-zero

thrust. The highest propeller speed represents the close-to-zero tow force. The two

additional values are intermediate points. These four propeller speeds were also utilized

in the remaining test conditions to consider the influence of the propeller loading and

wave-induced ship motions on the propulsive coefficients separately. In a load-varying

self-propulsion test the propeller rate of revolutions is generally adjusted several times

throughout a run to speed-up the testing process. In the current experimental campaign,

only two propeller speeds were implemented each run (run 1: 1.A-1.B and run 2:
2.A-2.B) to achieve adequate precision in the estimation of the propulsive coefficients.

The minimum waiting time between consecutive runs was set to 20 minutes to obtain

comparable conditions for each of the runs and to produce consistency in the results.
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Table 5.13

Test cases overview - Paper J5.

ID λ/LPP ζA θ

[-] [-] [m] [deg]

R0 Resistance in calm water with rudder and dummy propeller hub

C0 Self-propulsion in calm water

FW1 0.5 0.092 0.0

FW2 0.5 0.128 0.0

FW3 1.0 0.084 0.0

FW4 1.0 0.138 0.0

FW5 1.0 0.214 0.0

FW6 2.5 0.076 0.0

FW7 2.5 0.124 0.0

FW8 2.5 0.192 0.0

HW1 0.5 0.092 180.0

HW2 0.5 0.128 180.0

HW3 1.0 0.084 180.0

HW4 2.5 0.076 180.0

HW5 2.5 0.124 180.0

HW6 2.5 0.192 180.0

Table 5.14

Velocity of the vessel and propeller speeds - Paper J5.

Run nP VS Fr

[-] [rps] [m/sec] [-]

1.A 5 1.000 0.1352

1.B 8 1.000 0.1352

2.A 10 1.000 0.1352

2.B 12 1.000 0.1352

5.3.4 Analysis of the Results

The time windows were selected to include a minimum of fifteen wave encounter periods

in following waves and twenty-five wave encounter cycles in head waves. A steady-state

response was achieved for the time windows utilized in the analysis. A visual inspection

of the data was applied to identify the steady-state condition. The lowest propeller speed

(5 rps) was not included in the analysis of the results, but it was only utilized to confirm the

linear relationship between the tow force FD and the propeller thrust TP at low propeller

loadings. This is because the zero thrust condition is too far from the realistic operating

conditions of the ship.

Thrust Deduction Fraction

The results of load-varying self-propulsion tests, in the range of moderate and lightly

loaded propellers, normally report an excellent linear relationship between the tow force

FD and the propeller thrust [100]. Consequently, the best-fit straight line between FD

and TP is usually utilized to determine the tow force FDL
implemented in the

computation of the thrust deduction fraction. In the present work, the least-squares

method [97] was applied to compute the linear FD − TP trend lines. In load-varying
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Figure 5.5: Key points for the evaluation of the thrust deduction fraction - Paper J5.

self-propulsion tests, the ship resistance is normally estimated by linear extrapolation of

the FD − TP relationship at zero propeller thrust. The extrapolated ship resistance FTP=0

is generally between 1% and 4% higher than RT [100]. Figure 5.5 shows an example of

the previously discussed terms. If the linear relationship between FD and TP is applied

to compute the ship resistance, the thrust deduction fraction will be independent of the

propeller loading. However, if the thrust deduction fraction is computed with RT , t will be
dependent on the loading of the propeller. In the present work, the thrust deduction

fraction computed with FTP=0 is referred to as tF , whereas the thrust deduction fraction
calculated with RT is presented as tR.

tF = 1− FTP=0 − FDL

TP
, tR = 1− RT − FDL

TP
(5.2)

Based on the previous considerations the thrust deduction fraction was computed with

both approaches in calm water conditions to show the difference between tF and tR (see

Figure 5.12). In waves, the thrust deduction fraction was determined with FTP=0.

Other Propulsive Coefficients

The thrust identity method was applied to determine the effective wake fraction wE and

the propeller open-water efficiency η0:

wE = 1− JA
J

, η0 =
TP · VA

2 · π · nP ·Q0
(5.3)

The hull efficiency ηH was estimated with the thrust deduction fraction tF :

ηH =
1− tF
1− wE

(5.4)

The propeller efficiency behind ship ηB, relative rotative efficiency ηR, and propulsive

efficiency or quasi-propulsive coefficient ηD were calculated as follows:

ηB =
TP · VA

2 · π · nP ·QP
, ηR =

ηB
η0

=
Q0

QP
, ηD = ηH · η0 · ηR (5.5)
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Wave Added Resistance

The time-averaged total resistance in waves RTW and the resistance in calm water RTC

were estimated by linear extrapolation of the FD −TP relationship at zero propeller thrust

(FTP=0). The wave added resistance coefficient CAW was computed as follows:

CAW =
RTW −RTC

ρgξAB2
WL/LPP

=
RAW

ρgξAB2
WL/LPP

(5.6)

Ship Motions RAOs

The heave and surge RAOs were computed as the ratio between the measured response

amplitude Y1 and the measured wave amplitude ξA. For the pitch RAO, the wavenumber
k was added to the denominator.

RAOH =
Y1H
ξA

, RAOS =
Y1S
ξA

, RAOP =
Y1P
ξA · k

(5.7)

5.3.5 Results

Only the main results of the load-varying self-propulsion experiments are presented.

Further outcomes can be found in paper J5.

Propeller Open-Water Curves

Propeller open-water tests were not performed in the current experimental campaign.

The propeller open-water curves were obtained from previous experiments carried out

by SINTEF Ocean for the SHOPERA project. The time-averaged propeller open-water

curves in waves were considered to be equal to the propeller open-water characteristics

in calm water conditions. This assumption is acceptable since the propeller was always

operating far from the water surface [28].

Tow Force vs Propeller Thrust

Figures 5.6 and 5.7 show the time-averaged tow force FD against the time-averaged

propeller thrust TP in following and head waves. The calm water values are also included.

A good linear correlation between TP and FD can be observed. This result confirms the

linearity between the tow force and the propeller thrust, in both calm water and waves, in

the range of moderate and lightly loaded propellers.

Wave Added Resistance

Figure 5.8 shows the wave added resistance coefficient CAW against the dimensionless

wavelength λ/LPP . The determined added resistance coefficients in head waves are in

line with the results obtained by Sprenger et al. [101] and Lyu and el Moctar [102].

In following waves, the ship experienced a pushing effect at λ/LPP = 2.5, leading to a

negative added resistance coefficient.

Ship Motions RAOs

Figures 5.9, 5.10, and 5.11 display the surge, heave, and pitch RAOs. The ship motions

were also averaged over the range of the three propeller speeds (8, 10, and 12 rps). The
estimated heave and pitch RAOs in head waves are in line with both the numerical

simulations performed by Liu et al. [103] and the experiments carried out by Lyu and

el Moctar [102]. It can also be noticed the higher amplitude of the surge motion in

following waves than in head waves. A similar trend was reported by Rahaman

et al. [104] and Nakamura and Naito [14].

54 Ship Propulsion Hydrodynamics in Waves



-2 0 2 4 6 8 10 12 14 16 18

0

5

10

15

20

25

30

TP [N ]

F
D

[N
]

C0 HW1 HW2 HW3 HW4 HW5 HW6

Figure 5.6: FD vs TP with linear trendline in head waves and calm water - Paper J5.
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Figure 5.7: FD vs TP with linear trendline in following waves and calm water - Paper J5.
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Figure 5.8: CAW vs λ/LPP in following waves and head waves - Paper J5.
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Figure 5.9: Surge RAO in following waves and head waves - Paper J5.
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Figure 5.10: Heave RAO in following waves and head waves - Paper J5.
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Figure 5.11: Pitch RAO in following waves and head waves - Paper J5.
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Bare Hull Resistance and Linear Extrapolated Ship Resistance

The measured bare hull resistance RT (with rudder and dummy propeller hub) is 11.08 N,
whereas the linear extrapolated ship resistance FTP=0 is 11.27. This confirms the increase
in the estimated ship resistance when the FD − TP relationship is utilized.

Thrust Deduction Fraction

Figure 5.12 displays the time-averaged thrust deduction fractions tF and tR (see

Equation 5.2), determined in calm water conditions, against the propeller thrust TP . As

mentioned previously, tR depends on the propeller thrust, and tF is the independent of

the propeller loading. Additionally, tR is greater than tF , and their difference decreases

with the increase of the propeller thrust. Figure 5.13 shows the time-averaged thrust

deduction fraction tF computed in head and following waves against the dimensionless

wavelength λ/LPP . The calm water value is also added. It is important to mention that

since tF is shown in Figure 5.13, the differences between the thrust deduction fraction

in calm water and waves are independent of the propeller loading. A general small
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Figure 5.12: tF vs tR in calm water - Paper J5.
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Figure 5.13: tF in following waves, head waves, and calm water - Paper J5.
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2 4 6 8 10 12 14 16 18

0.22

0.26

0.30

0.34

0.38

TP [N ]

w
E

[−
]

C0 FW5 FW6 FW7 HW1 HW2 HW4

Figure 5.15: wE vs TP in following waves, head waves, and calm water - Paper J5.

decrease in tF can be observed compared to calm water. The maximum reduction

occurs at λ/LPP = 1 in both following and head waves.

Effective Wake Fraction

Figure 5.14 shows the time-averaged effective wake fraction wE against the

dimensionless wavelength λ/LPP in following and head waves. The calm water value is

also included. The time-averaged effective wake fraction was also averaged over the

range of the three selected propeller speeds (8, 10, and 12 rps). A general reduction in

wE can be noticed in head waves compared to calm water. In head waves, the higher

the wave amplitude, the lower the effective wake fraction. The minimum values are

reported at λ/LPP = 0.5. This suggests that the amplitude of the relative vertical motion
at the location of the propeller does not have the greatest impact on the effective wake

fraction. In following waves, a general increase in wE can be observed compared to

calm water, and the higher the wave amplitude, the larger the effective wake fraction.

This might be caused by the direct interaction between the encountered wave and the

propeller. Figure 5.15 reports the time-averaged effective wake fraction wE against the
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Figure 5.16: ηH vs λ/LPP in following waves, head waves, and calm water - Paper J5.
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Figure 5.17: ηH vs TP in following waves and calm water- Paper J5.

time-averaged propeller thrust TP in following and head waves. For the sake of clarity,

only six representative cases are reported: FW5, FW6, FW7, HW1, HW2, and HW4. The

calm water values are also added. It can be seen that the higher the propeller loading,

the lower the effective wake fraction. This could be the consequence of the deformation

of the boundary layer caused by the increased propeller thrust [105].

Hull Efficiency

Figure 5.16 shows the time-averaged hull efficiency ηH against the dimensionless

wavelength λ/LPP in following and head waves. The calm water value is also added.

The time-averaged hull efficiency was also averaged over the range of the three

selected propeller speeds (8, 10, and 12 rps). In following waves, a general increase in

the hull efficiency can be seen compared to calm water. Except in the case of large

wave amplitudes, small differences in ηH can be seen over the range of considered

wavelengths. Bhattacharyya and Steen [17] reported a similar trend. Figure 5.17

displays the time-averaged hull efficiency ηH against the time-averaged propeller thrust

TP in following and head waves. The calm water values are also included. For the sake
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Figure 5.18: ηR vs λ/LPP in following waves, head waves, and calm water - Paper J5.
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Figure 5.19: η0 vs λ/LPP in following waves, head waves, and calm water - Paper J5.

of clarity, only six representative cases are presented: F35, FW6, FW7, HW2, HW4, and

HW6. It can be noticed that the higher the propeller loading, the lower the hull efficiency.

Bhattacharyya and Steen [17] drew similar conclusions.

Relative Rotative Efficiency

Figure 5.18 shows the time-averaged relative rotative efficiency ηR against the

dimensionless wavelength λ/LPP in following and head waves. The calm water values

are also reported. For the sake of clarity, only six representative cases are presented:

FW1, FW3, FW6, HW1, HW3, and HW4. It is possible to notice that the relative rotative

efficiency is influenced by neither the propeller loading nor the motions of the ship.

Nakamura and Naito [14], Moor and Murdey [13], Sigmund and el Moctar [19], and

Bhattacharyya and Steen [17] reported similar results.

Propeller Open-Water Efficiency

Figure 5.19 displays the time-averaged propeller open-water efficiency η0 against the

dimensionless wavelength λ/LPP in following and head waves. The calm water values
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Figure 5.20: ηD vs λ/LPP in following waves, head waves, and calm water - Paper J5.

are also added. For the sake of clarity, only six representative cases are reported: FW1,

FW3, FW6, HW1, HW3, and HW4. The main variation in η0 is produced by the change

in propeller speed. This is because the propeller loading has a greater influence on the

propeller open-water efficiency than the wave-particle velocity and ship motions. These

results suggest that wave added resistance is the primary cause for the usually reported

decrease in η0 in the range of the critical wavelengths.

Propulsive Efficiency

Figure 5.20 displays the time-averaged propulsive efficiency ηD against the

dimensionless wavelength λ/LPP in following and head waves. The calm water values

are also included. For the sake of clarity, only six representative cases are reported:

FW1, FW3, FW6, HW1, HW3, and HW4. In comparison to ηR and η0, ηD is slightly more

influenced by the ship motions. This is because of the small change in ηH created by the

encountered wave. Nevertheless, the main change in the propulsive efficiency is still

caused by the variation in propeller loading (change in η0). Consequently, as a first

approximation, the propeller open-water curves can be used to calculate the

time-averaged propulsive efficiency:

Twe =
R+RAW

tc
→ nwe → Jwe =

VS · (1− wc)

nwe ·D
→ η0we → ηDwe = ηRc · ηHc · η0we (5.8)

In Equation 5.8, the subscript c stands for calm water and we for wave-equivalent.

Load-varying tests in calm water conditions provide a better estimation of the propulsive

efficiency in waves because the influence of the propeller loading on the effective wake

fraction, thrust deduction fraction, and hull efficiency is included. The accuracy of the

load-varying tests in calm water can be increased by utilizing the exact propulsion point

in waves.

5.3.6 Conclusions

The results from resistance measurements in calm water and load-varying

self-propulsion tests in calm water and regular head and following waves were

presented. The linear extrapolated ship resistance FTP=0 resulted in being 1.7% higher

than the bare hull resistance RT (with rudder and dummy propeller hub). Consequently,
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tR resulted in being dependent on the propeller thrust, whereas tF was not influenced by

the change in the propeller thrust. As expected, the wave added resistance was lower in

following seas than in head waves. The pitch and heave and motions were higher in

head waves, whereas the surge motion was significantly larger in following waves. The

effective wake fraction was influenced by the propeller loading and the ship motions. For

the former, the higher the propeller loading, the lower the effective wake fraction. In the

case of the latter, a general decrease in effective wake fraction was noticed in head

waves compared to calm water. On the other hand, in following waves, the velocity at

the propeller plane was reduced in comparison to calm water. The motions of the ship

hardly influenced the thrust deduction fraction computed with the extrapolated ship

resistance. The variation in propeller thrust mainly caused the change in propeller

open-water efficiency. The relative rotative efficiency was influenced by neither the

propeller loading nor the ship motions. Except in the case of large wave amplitudes, the

hull efficiency was hardly influenced by the ship motions. The change in propeller

loading mainly influenced the propulsive efficiency. Therefore, as a first approximation,

the propeller open-water curves can be used to calculate the time-averaged propulsive

efficiency in the range of the considered propeller loadings. Load-varying tests in calm

water can be performed for a better estimation of the propulsive efficiency. However, this

result might vary for a different ship. This is because the importance of the ship motions

in comparison to the propeller loading for the propulsive efficiency depends on different

factors, e.g. the magnitude of the wave added resistance and ship motions, ship speed,

ship propulsion point, and propeller loading in calm water.
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6 Conclusions

The main contribution of this PhD study is to provide knowledge concerning the

hull-propeller-engine interaction in the presence of waves. This was achieved by

performing numerical simulations and towing-tank experiments. The results of the PhD

project provide information to naval architects to optimize the propulsion system of a

ship in realistic operating conditions.

6.1 Original Contributions

• Implemented the fully-unsteady approach in the unsteady low-order

boundary-element propeller code ESPPRO.

• Developed a procedure to determine realistic input data for the estimation of the

propeller performance in waves.

• Compared the quasi-steady and fully-unsteady approach in terms of predicted

propeller performance for the KVLCC2 vessel considering the effect of

time-varying wake field, ship motions, speed loss, and propeller speed fluctuations.

• Built a coupled engine-propeller model capable of estimating the propulsive

performance of a propulsion system powered by a medium-speed four-stroke

lean-burn gas engine with a controllable-pitch propeller in the presence of regular

waves of different length, height, and direction.

• Determined the importance of the time-varying wake field, ship motions, propeller

close-to-or-breaking water effects, and propeller speed fluctuations in the prediction

of the performance of the considered propulsion system in waves.

• Utilized the coupled engine-propeller model to determine nitrogen oxides emissions

and unburnt methane released in the atmosphere by the selected lean-burn natural

gas engine during harsh weather conditions.

• Performed load-varying self-propulsion model-scale numerical simulations on the

KVLCC2 vessel in calm water conditions to determine the influence of the propeller

loading on the thrust deduction fraction.

• Determined the importance of utilizing the bare hull resistance instead of the linear

extrapolated ship resistance at zero propeller thrust in the computation of the thrust

deduction fraction.

• Conducted load-varying self-propulsionmodel-scale tests on the DTC vessel in calm

water and regular head and following waves to consider the influence of the propeller

loading and ship motions on the propulsive coefficients separately.

• Analyzed the results of the load-varying self-propulsion model-scale tests to

determine how the considered waves impact the propulsive coefficients of the DTC

vessel.

• Determined the importance of performing overload self-propulsion experiments in

calm water conditions to estimate the propulsive efficiency of the DTC vessel in the

presence of waves.
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6.2 Main Outcomes

The main outcomes of the thesis are based on the prior research questions (see

Section 1.4).

i. Which type of propeller model is required to evaluate the propulsive forces in

the presence of waves?

The traditional quasi-steady and the more advanced fully-unsteady approach were

compared in terms of prediction of the propeller performance in the presence of

regular head waves. The results exhibited small differences in the temporal mean

and the amplitude of the propeller forces, cavity volume variation, and hull pressure

pulses. Therefore, for the considered case studies, but presumably also in general,

the quasi-steady approach is sufficient to compute the propeller performance in the

presence of waves.

ii. What is the importance of the time-varying wake field, ship motions,

propeller close-to-or-breaking water effects, and propeller speed

fluctuations in the prediction of the propulsion system performance in

realistic operating conditions?

A coupled engine-propeller model was built to compute the performance of a

propulsion system powered by a medium-speed four-stroke lean-burn natural gas

engine in the presence of waves. The results indicated that neglecting

time-varying wake field, ship motions, and propeller close-to-or-breaking water

effects would lead to a poor prediction of the propulsive forces in the presence of

waves. On the other hand, neglecting the dynamic response of the engine (i.e.

propeller speed fluctuations) would still allow computing the propulsive forces of

the considered hull-propeller-shaft-engine system with acceptable precision.

iii. How is the unburnt hydrocarbon formation in lean-burn natural gas engines

affected by sea wave loads?

The coupled engine-propeller model was applied to determine the unburnt

hydrocarbon formation for the selected medium-speed four-stroke lean-burn

natural gas engine. The results showed a significant increase in emissions when

the propeller operated close to or partly above the water surface (300% higher than

the calm water value). In the case of the deep propeller submergence, the unburnt

hydrocarbons raise by 30% compared to the calm water condition. In conclusion,

the application of the selected lean-burn natural gas engine is questionable

because of the high production of unburnt hydrocarbon emissions caused by the

presence of the wave.

iv. What is the influence of the propeller loading and ship motions on the

propulsive coefficients?

The influence of the propeller loading and ship motions on the propulsive

coefficients was investigated by performing load-varying self-propulsion

model-scale numerical simulations and load-varying self-propulsion model-scale

experiments. A small dependency of the ship motions on the thrust deduction

fraction was noticed. On the other hand, the higher the propeller loading, the lower

the thrust deduction fraction. The effective wake fraction was influenced by both

the propeller loading and the motions of the ship. For the former, the higher the

propeller loading, the smaller the effective wake fraction. For the latter, a general

decrease in effective wake fraction was noticed in head waves compared to calm

water. On the other hand, the velocity at the propeller plane was reduced in

following waves in comparison to calm water. The variation in propeller open-water
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efficiency was primarily caused by the change in propeller loading. The relative

rotative efficiency was influenced by neither the propeller loading nor the ship

motions. Except in the case of large wave amplitudes, the motions of the ship had

a small influence on the hull efficiency. Additionally, the higher the propeller

loading, the lower the hull efficiency. The propulsive efficiency was mainly

influenced by the change in propeller loading.

v. Are overload self-propulsion experiments in calm water conditions based on

the wave added resistance sufficient to estimate how the time-averaged

propulsive coefficients vary in the presence of waves?

Based on the results of the previous investigations, it would be possible to

estimate with sufficient accuracy the time-averaged thrust deduction fraction in

waves, for the considered case studies, by performing overload self-propulsion

experiments in calm water conditions based on the wave added resistance.

Regarding the time-averaged hull efficiency and time-averaged effective wake

fraction, calm water tests would not provide the same precision as for the thrust

deduction fraction. Considering that the variation in propeller loading was the main

cause for the change in the time-averaged open-water efficiency, a sufficiently

accurate estimation of the time-averaged propulsive efficiency in waves can be

achieved, for the considered case studies, by using the propeller open-water

curves or performing overload self-propulsion experiments in calm water.

6.3 Limitations and Future Work

The research questions were addressed by considering a limited number of cases studies.

The main limitation of this type of research method is the issue of generalizing the results.

Even though the author believes that most of the conclusions have common validity, the

need for future work in terms of investigating more cases is undeniable.

The comparison between the quasi-steady and the fully-unsteady approach was

conducted considering a reasonably low propeller speed and realistic ship motions and

wave characteristics. Even though the performed comparison is considered sufficient for

the normal operations of ships, it would be relevant to understand in which conditions

the quasi-steady and the fully-unsteady approach provide a different estimation of the

propeller performance in waves (e.g. extremely low propeller speed in combination with

close to zero velocity of the vessel).

The importance of the time-varying wake field, ship motions, propeller

close-to-or-breaking water effects, and propeller speed fluctuations in the prediction of

the propulsion system performance in realistic operating conditions was evaluated only

for one propulsion system. As already mentioned, the main limitation of this research

method is the questionability of the results. Therefore, such a type of analysis should be

repeated for different types of marine propulsion systems to understand if similar

conclusions can be drawn. Additionally, the thrust deduction fraction was assumed to be

time-invariant and equal to its value in calm water conditions. In light of the findings of

paper J4 and J5, it would be interesting to include the variation in thrust deduction

fraction in the computation of the hull-propeller-engine interaction.

The coupled engine-propeller model predicted a significant increase in unburnt

hydrocarbons released in the atmosphere for a ship sailing in the presence of waves. As

future work, seeking potential methods to reduce the UHC emissions will be crucial to

continue the implementation of natural gas-powered engines for ships. At the same
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time, it is also important to determine the emissions of other types of alternative marine

fuels in realistic operating conditions. For instance, ammonia is a well-known

non-conventional fuel within the shipping industry. However, available tests on

combustion engines showed issues with ammonia slip and emissions of NOX , CO,
hydrocarbons, and N2O [106]. Building a coupled engine-propeller model will help to

address these obstacles before testing ammonia-powered engines on ships.

The load-varying self-propulsion model-scale numerical simulations were performed

only in calm water conditions. The original plan was to compute the variation of the

propulsive coefficients in waves by developing the viscous-potential coupling approach

implemented in SHIPFLOW. However, the collaboration with Flowtech International AB

(owner of SHIPFLOW) was interrupted because of the COVID-19 pandemic. As future

work, it will be relevant to continue the collaboration and to complete the

viscous-potential coupling in waves.

The load-varying self-propulsion model-scale experiments provided useful information

on how the propulsive coefficients are affected in waves. However, since only one case

vessel was considered, similar tests have to be repeated for different ships and ship

sizes. This is because the conclusions drawn regarding the possibility of estimating with

sufficient accuracy the time-averaged propulsive efficiency in waves by utilizing the

open-water curves or performing experiments in calm water might be unsuitable for

other types of vessels.
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1 Introduction

Ship propellers are traditionally designed for calm water conditions. Propulsion factors and wake dis-
tribution are considered time-invariant and speed loss, ship motions and propeller rpm fluctuations are
simply neglected. This can be explained by insufficient tools to optimize propellers in waves and by the
general lack of knowledge regarding operating conditions in waves.

Nevertheless, results of experiments carried out by Moor and Murdey (1970) showed that propulsion
factors change significantly in the presence of waves. Unsteady RANS simulations performed by Guo
et al. (2012) indicated that axial velocities at the propeller disk can increase up to 35% of the ship forward
speed. Speed loss (caused by added resistance, thrust loss and change of propulsion point), propeller rpm
fluctuations (due to the time-varying wake in waves) and motions of the ship (due to the interaction
between ship and surface waves) influence the propeller performance and ultimately cause an increase in
propeller-induced hull pressure pulses (Taskar, 2017).

Taskar et al. (2016) carried out an investigation regarding the effect of waves on the propeller perfor-
mance of the KVLCC2 tanker. It was found that the time-variation of wake distribution has the largest
impact on the propeller performance. The entire analysis was carried out by treating wake fields in a
quasi-steady manner. This means that for each time instant, the flow field entering the propeller disk was
treated as time-invariant. The underlying assumption is that the ratio of propeller blade frequency and
wave encounter frequency is sufficiently large. Ideally, however, the propeller performance and resulting
hull pressure pulses should be analyzed with fully unsteady calculations.

The purpose of this paper is to investigate if the quasi-steady approach predicts the propeller per-
formance in waves with sufficient accuracy. Therefore, the KVLCC2 propeller is simulated both using
a quasi-steady and an unsteady approach in full scale in waves behind the ship. The unsteady approach
takes into account the time-variation of the wake field. The two approaches are compared by observing
the differences in unsteady propeller forces and hull pressure pulses.

2 Methods

2.1 Propeller Analysis – ESPPRO
For the actual propeller analysis, i.e. the computation of propeller forces and hull pressure pulses, the
DTU-developed panel code ESPPRO (see Regener 2016) is used. It is based on a potential-based formu-
lation of the boundary element method and uses low-order panels.

To establish the blade wake geometry, or align the trailing vortices, multiple wake models are avail-
able in ESPPRO. For the present work a very simple but robust blade wake model was chosen that places
the trailing wake sheets on helicoidal surfaces. In this model, the blade wake pitch is dependent on the
blade pitch at r/R = 0.9 and the advance ratio (Streckwall, 1998). The blade wake geometry is “frozen”
during the simulation, i.e. it is considered time-invariant.

The ship’s wake field, on the other hand, may vary in time. The propeller immersion, relevant for
the hydrostatic pressure and therefore cavitation estimation, may also change in time. These two features
were added to ESPPRO as part of the present work.

For a propeller diameter D, constant shaft speed n, constant ship speed Vs and varying inflow velocity
(expressed using the wake fraction w), the apparent advance ratio JA = Vs (1 − w) (nD)−1 will change
over time. When performing calculations with time-varying inflow, currently the time-average of w (and
corresponding JA) is used in the blade wake model.

Hull pressure pulses are estimated by computing the time-varying pressure in an offbody point using
the Bernoulli equation. The hull geometry is not modeled, but rather represented by a user-supplied solid
boundary factor (defaulting to 2).

1
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Table 1: KVLCC2 main particulars

Length between perpendiculars 320.0 m
Breadth 58.0 m
Design Draft 20.8 m
Service Speed 15.5 kts

Table 2: KP458 propeller characteristics

Diameter 9.86 m
Number of blades 4
AE/AO 0.431
(P/D)Mean 0.69

2.2 Ship Motions in Waves and Potential Wake Fields – Shipflow Motions
Taskar et al. (2016) used the commercial software Shipflow Motions to compute ship motions (heave and
pitch) as well as potential wake fields in regular waves. Shipflow Motions implements a fully nonlinear,
unsteady boundary element method described by Kjellberg (2013).

The results by Taskar et al. (2016) are also used in the present work. Potential wake fields were
extracted at all timesteps, and the propeller shaft submergence (for hydrostatic pressure) was calculated
based on the ship motions. In addition, the potential wake field in calm water was computed using the
same method.

2.3 Effective Wake Field in Calm Water – Shipflow-XCHAP and ESPPRO
The present work uses a RANS-BEM coupling approach to compute the ship’s full scale effective wake
field in calm water. This hybrid approach uses a viscous flow solver (RANS) to compute the flow around
the ship hull and a panel code (BEM) to compute the propeller flow. An iterative two-way coupling
is established by transferring the total flow field from RANS to the BEM code and adding the BEM-
computed propeller forces as body forces (momentum source terms) to the RANS computation. As the
propeller-induced velocities are known from the previous coupling iteration, the effective wake field can
be computed by subtracting the induced velocities from the total velocity field provided by the RANS
solver. The propeller code is then run in this effective wake field.

In the present work, the commercial Shipflow-XCHAP is used on the RANS side. On the BEM side
of the RANS-BEM coupling, the panel code ESPPRO is used.

The coupling plane (and therefore the plane where the effective wake field is evaluated) is located
upstream of the propeller, following the contour of the blade’s leading edge at an upstream distance
of 5% of the propeller radius. This results in a curved upstream coupling plane as initially described
by Rijpkema et al. (2013).

3 Calculation Case

The time-varying potential wake fields and propeller immersion values in regular waves obtained by
Taskar et al. (2016) are also used in the present work (also see Sec. 2.2). Therefore, the same ship
and propeller (the KVLCC2 tanker with MOERI’s corresponding model propeller, see Tab. 1 and 2 or
Kim et al. 2001) in the same wave conditions are analyzed. Head sea conditions at design speed were
considered for three different regular waves (λ/L = 0.6, 1.1, 1.6), all with a wave amplitude of 3 m.

4 Estimating the Effective Wake Field in Waves

The idea is to express the wake field in waves at any point in time by decomposing it into a time invariant
and a time-varying wake field. Specifically, the potential part of the wake distribution in calm water (wPC)
is subtracted from the wake distribution in calm water (w0), and then the potential part in waves (wPW)
is added:

w = w0 − wPC + wPW

Taskar et al. (2016) used this approach to investigate the change of nominal wake distribution in
waves. In that case, the base wake field was the nominal wake field in model scale, as computed us-
ing CFD. The potential wake fields were obtained using potential flow calculations (also see Sec. 2.2).
Comparing the resulting wake fields in waves with nominal wake fields in waves obtained from CFD
showed that for the case investigated, viscous effects not only dominate the overall instantaneous wake
distibution, but also appear to strongly affect the time-varying part of the wake field in waves. Based

2
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Fig. 1: Comparison effective wake fraction and wake variation procedure

on this, it was concluded that potential flow calculation methods might not be suitable to estimate the
time-variation of the wake field in waves.

However, viscous effects and their impact on the wake field change substantially between model
scale and full scale. Thus, the same approach initially carried out by Taskar et al. (2016) is employed,
but using the effective calm water wake distribution in full scale as the basis (obtained using the method
described in Sec. 2.3). In addition, the effective wake field in calm water is scaled to match the full scale
effective wake fraction obtained by Kim et al. (2001).

The wake fractions of the resulting wake fields are compared with wake fractions estimated by a
method discussed by Taskar (2017), which combines the mean change in propeller inflow as outlined by
Faltinsen et al. (1980), and the fluctuation of wake velocities, as described by Ueno et al. (2013).

The comparison for three wavelengths is shown in Fig. 1. Differences in the fluctuation amplitude
can be noticed for short wavelengths. This overestimation by the method of Ueno et al. (2013) was also
reported by Taskar (2017).

5 Calculation of propeller speed and ship speed loss in waves

Realistic ship operating conditions have to be considered for the current investigation. Therefore, the
added resistance is calculated in irregular waves and the propeller rate of revolution is kept constant and
equal to the value computed for calm water. In this way, speed reduction in waves is estimated for the
three wave conditions: 11.5, 11.2 and 12.1 knots (λ/L = 0.6, 1.1, 1.6).

For calculating the added resistance in irregular waves, the method described in ITTC (2014) is used
along with the modified Pierson-Moskowitz wave spectrum. The significant wave height is considered
equal to the wave height of the regular wave simulated in Shipflow Motions (6 m) (see Sec. 2.2 and
Sec. 3) and the peak frequency for irregular waves is set equal to the wave frequency of the regular
waves simulated (λ/L = 0.6, 1.1, 1.6).

The wind resistance is calculated following the method described in ITTC (2014). The KVLCC2
superstructure is assumed to be located at the aft with dimensions typical for a tanker of that size.

The calm water ship resistance curve is estimated using the empirical method by Guldhammer and
Harvald (1974). This is done because the resistance over a range of velocities is needed and not for one
velocity only. Propulsion factors were determined experimentally in model scale and extrapolated to full
scale by Kim et al. (2001). Experimental propeller open water data are available from MOERI for the
KP458 model propeller (also see Tab. 2). Additionally, open water characteristics were also computed
by the panel code ESPPRO. Both experimental and calculated open water data can be seen in Fig. 2.

The propeller rate of revolutions is estimated by considering the intersection between the required
thrust relation KT/J2 and the open water thrust coefficient curve KT . This yields a value for the propeller
rate of revolutions of 76.25 rpm at design speed in calm water.

The classical power prediction approach is applied to compute the speed loss. Generally, in this

3
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Fig. 2: Open Water Diagram for MOERI KP458

method, the resistance curve is modified by adding the resistance due to waves, wind, yawing, steering
and other effects to the calm water resistance (Steen and Chuang, 2013). In the present work, only wind
resistance and added resistance in waves are considered.

6 Results

The largest differences in unsteady forces and hull pressure pulses due to waves were observed for
λ/L = 1.1. Therefore, although calculations were carried out for three different waves lengths, for brevity,
results are only presented for this case.

Figures 3–5 show the variation of KT , KQ, and propeller-induced pressure in a point on the hull above
the propeller. All results are shown over one wave encounter period. Results from both the quasi-steady
(red curve) and the fully-unsteady calculations (blue curve) are shown.

In addition, Fig. 3 and 4 show the instantaneous wake fraction (solid black curve) and the time-
averaged wake fraction (dashed black curve). The discrete time instances for the quasi-steady calcula-
tions are displayed as violet vertical lines.

Comparing the mean values of KT and KQ over one wave encounter period, negligible differences
between the quasi-steady and the unsteady results were found (see Tab. 3).

As can also be seen from both Fig. 3 and Tab. 3, there are larger differences in minimum and maxi-
mum values. The magnitude of the fluctuations (i.e. the difference between overall maximum and mini-
mum value) relative to the mean KT , are 20% for the quasi-steady calculations and 24% for the unsteady
calculations. For KQ, the fluctuations have smaller magnitudes of 14% and 17%, respectively. This is
believed to be mainly due to smaller magnitudes of ∂KQ

∂J compared to ∂KT
∂J (see Fig. 2).

7 Conclusions

The results from the quasi-steady approach and the current unsteady approach agree well for the case
investigated. This indicates that the unsteady effects of wake distribution on blade forces are small.

The current results are in line with the assumption that the quasi-steady approach is sufficient when
the ratio of propeller blade frequency and wave encounter frequency is sufficiently large. However, the
unsteady results might be affected by the time-accurate evolution of the blade wake, which currently is
not included in the model.

4
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Fig. 5: Pressure at a point on the hull surface, located in the propeller plane, 1.6R above the shaft center

Table 3: Mean, minimum, maximum values of KT , KQ

Mean Min Max

KT, Quasi-Steady 0.1953 0.1749 0.2144
KT, Unsteady 0.1954 0.1712 0.2184
KQ, Quasi-Steady 0.02143 0.01989 0.02287
KQ, Unsteady 0.02144 0.01958 0.02317
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A B S T R A C T

Maritime transport is the most energy-effective mode to move large amounts of goods around the world. Hauling
cargo via waterway produces an enormous quantity of greenhouse gas emissions. Vessel fuel efficiency directly
influences ship emissions by affecting the amount of burnt fuel. Optimizing ships operating in waves rather than
in calm water conditions could decrease the fuel consumption of vessels. In particular, ship propellers are tra-
ditionally designed neglecting dynamic conditions such as time-varying wake distribution and propulsion fac-
tors, propeller speed fluctuations, ship motions, and speed loss.

The effect of waves on the propeller performance can be evaluated using both a quasi-steady and a fully-
unsteady approach. The former is a fast computational approximation method based on the assumption that the
ratio of propeller angular frequency to wave encounter frequency is sufficiently large. The latter provides a
complete representation of the propeller dynamics, but it is computationally expensive.

The purpose of this paper is to compare the propeller performance in the presence of waves using the quasi-
steady and the fully unsteady approach. This analysis is performed by observing the differences in unsteady
propeller forces, cavitation volume, and hull pressure pulses between the two approaches. The full-scale KVLCC2
propeller is utilized for the investigation.

Results show a good agreement between the quasi-steady and the fully-unsteady approach in the prediction of
the temporal mean and the fluctuation amplitude of KT and KQ, the cavity volume variation, and the hull
pressure pulses. Therefore, for the considered operating conditions, the quasi-steady approach can be used to
compute the propeller performance in waves.

1. Introduction

Maritime transport is of great importance to the global economy as
over 90% of the world’s trade is carried via waterway [23]. However,
the shipping industry emits in total around 940 million tonnes of CO2

annually, and it is responsible for about 2.5% of global greenhouse gas
emissions [25]. The United Nations International Maritime Organiza-
tion (IMO) has recently developed a strategy to reduce the total annual
greenhouse gas emissions by at least 50% by 2050 compared to 2008.

Ships are traditionally optimized in ideal conditions where waves,
wind, and currents are taken care of by simply adding a margin to the
estimation of the speed-power relationship for a newly built vessel in
trial conditions. This can be explained by insufficient tools and
knowledge to optimize ships in realistic operating conditions.
Nevertheless, measurements performed on ships operating in waves
indicate a significant change in fuel consumption because of the

reduced propulsive efficiency, e.g. [2]. Therefore, more energy-efficient
ships can be designed if dynamic conditions are taken into account
during the optimization phase.

Ship propellers are usually designed without considering the time-
variation of wake distribution and propulsion factors and neglecting
propeller speed fluctuations, speed loss, and ship motions. However,
unsteady RANS simulations performed by Guo et al. [5] indicated that
axial velocities at the propeller disk could increase up to 35% of the
ship forward speed in the presence of waves. Kim et al. [12] showed the
fluctuation of propeller plane wake by measuring the phase-averaged
flow field in waves around the KVLCC2 tanker using a SPIV system.
Similarly, Sadat-Hosseini et al. [24] measured the time-variation of
velocity distribution at the propeller plane in waves for the KVLCC2
ship with a PIV system. Results of experiments performed by Moor
et al. [19] and Nakamura et al. [20] showed that the propulsion factors
vary significantly in the presence of waves. In addition, Jessup et al.
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[11] and Chevalier et al. [1] observed a reduction in cavitation in-
ception speed with respect to calm water conditions. Taskar et al.
[29,30] studied the change in propeller performance in the presence of
waves in terms of cavitation, hull pressure pulses, and efficiency. It was
found out that time-varying wake field and shaft submergence, pro-
peller speed fluctuations, and speed loss contribute the most to the
variation of propeller performance compared to calm water conditions.
Taskar et al. [31] studied different aspects of the propulsion system of
the KVLCC2 tanker in the time-varying wake field in waves. It was
observed that the time-varying wake field gives rise to fluctuating loads
on the propeller, which lead to a time-variation of the shaft speed and
engine torque. Taskar et al. [29–31] treated the variation of inflow
caused by waves and ship motions in a quasi-steady manner, meaning
that the flow field entering the propeller disk was treated as time-in-
variant for each time instant. Steen et al. [26] provided an overview of
the physical effects contributing to speed loss. It was discussed how
added resistance, ventilation, propeller out-of-water, wave-making by
the propeller due to closeness to free surface, change of propulsive
factors and propulsion point cause involuntary ship speed loss. It is also
well known that wave-induced ship motions lead to a fluctuation of
propeller immersion and, consequently, to a time-varying cavitation
number. Time-varying propeller speed, wave-induced ship motions,
and speed loss affect the propeller efficiency, influence the propeller
cavitation pattern and cause an increase in propeller-induced pressure
pulses [28].

The effect of waves on the propeller performance can be evaluated
using both a quasi-steady, e.g. [29–31], and a fully-unsteady approach.
In the former, time-varying input data, such as wake distribution,
propulsion factors, propeller speed fluctuations, and ship motions, are
only known for a number of time instances sufficient to reproduce the
wave phenomenon accurately in time. For each time instant, one un-
steady simulation is run where the corresponding time-varying input
data are kept constant in time throughout the time-dependent calcu-
lation. The unsteadiness of the results is only related to the spatial non-
uniformity of the wake distribution because the time-varying input data
are fixed in time for each simulation. Each quasi-steady calculation
provides results only at the selected time instance. After collecting the
results, it is possible to obtain a trend in time for the propeller per-
formance for the entire wave period. This method is computationally
fast, and it can be carried out by any kind of potential flow code able to
compute unsteady propeller performance. This is because the time-
varying input data are time-invariant in each time-dependent calcula-
tion for both calm water conditions and waves. On the other hand, the
quasi-steady approach completely neglects the time history of the
propeller performance related to the time-varying input data. For

instance, the evolution in time of the velocity potential shed into the
blade wake is based on a time-invariant wake field and propeller speed.
This approximation is considered acceptable because the ratio of pro-
peller angular frequency to wave encounter frequency is sufficiently
large. However, the validity of the quasi-steady approach is currently
not known. The propeller performance should be computed by applying
the fully-unsteady approach, where the time history of the time-varying
input data is taken into account. This is performed, ideally, by running
only one unsteady simulation where the time-varying input data are
changing in time during the unsteady computation. However, the fully-
unsteady approach is computationally expensive compared to the
quasi-steady approach.

The purpose of this paper is to compare the propeller performance
in the presence of waves using the quasi-steady and the fully unsteady
approach. This is carried out in two steps:

1. Open water condition. This is a simple study performed to obtain a
quick insight into the differences in unsteady propeller forces be-
tween the quasi-steady and the fully-unsteady approach. The time-
varying wake field is simply generated by a plane progressive wave
in open water conditions. Propeller speed fluctuations and ship
motions are neglected. This study is carried out in non-cavitating
conditions.

2. Behind ship condition. This study is performed to confirm the results
obtained from the previous step by considering realistic case sce-
narios. This comparison takes into account time-varying wake dis-
tribution and shaft submergence, propeller speed fluctuations, and
speed loss. The differences in unsteady propeller forces, hull pres-
sure pulses, and cavitation volume between the quasi-steady and the
fully-unsteady approach are computed.

2. Propeller analysis

The propeller analysis is performed by applying both the fully-un-
steady and the quasi-steady approach. Fig. 1 shows the different algo-
rithms implemented in the present paper for the two methods. Several
independent simulations are necessary to estimate the propeller per-
formance for the entire wave phenomenon with the quasi-steady ap-
proach. On the other hand, two simulations, one in non-cavitating
conditions and one in cavitating conditions (see Section 2.2), are ne-
cessary for the fully-unsteady approach.

2.1. Propeller model: ESPPRO

The DTU-developed unsteady low-order boundary-element method

Nomenclature

A wave amplitude
CF friction resistance coefficient
CP pressure coefficient
CR residual resistance coefficient
D propeller diameter
h shaft submergence
H wave height
J advance ratio
Jcalm advance ratio in calm water
Jwave averaged advance ratio in waves
KQ torque coefficient
KT thrust coefficient
LPP length between perpendiculars
n propeller rate of revolutions
P pressure over the propeller blade
R propeller radius

t time instance
Te encounter wave period
U ship speed
Vf fluctuating wake velocity due to waves
Vm dimensionless mean increase in wake velocity due to

waves
Vt total wake velocity due to waves
ws full-scale effective average wake fraction in calm water
ww full-scale effective average wake fraction in waves
Wc wake distribution in calm water
Wpc potential part of the wake distribution in calm water
Wpw potential part of the wake distribution in waves
Ww wake distribution in waves
ρ water density
ωe encounter wave frequency

propc computed propeller angular frequency in calm water
propd design propeller angular frequency

λ wavelength
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ESPPRO [21] serves as the main tool for the propeller analysis. It is
based on potential flow formulation where the flow is assumed to be
inviscid, incompressible, and irrotational. The boundary-element
method, compared to other potential flow numerical methods, provides
a complete representation of the propeller geometry by placing the
distribution of source and dipole singularities on the actual propeller
surface.

ESPPRO was validated against results reported for similar methods
for ship propellers, such as [35] and [34]. Additionally, Mirsadraee
[17] showed the good agreement, in terms of propeller performance
and cavitation behavior, between experimental data and ESPPRO re-
sults for the KRISO container ship propeller (KCS) [13].

The propeller blades are discretized into 40 panels in both spanwise
and chordwise direction. Cosine stretching is applied for the latter and
equidistant stretching for the former (see Appendix A).

In the present work, ESPPRO is modified to take into account time-
varying wake field and shaft submergence and propeller speed fluc-
tuations in a fully-unsteady manner. The main modifications are related
to the cavitation model (Section 2.2) and the blade wake model
(Section 2.3).

2.2. Cavitation model

The sheet cavitation model implemented in ESPPRO is described by
Regener et al. [22]. The implementation derives from the method in-
itially introduced by Kinnas et al. [14]. ESPPRO can predict unsteady
sheet cavitation, including supercavitation, in also inhomogeneous

inflow. In calm water conditions, the cavitation model is activated after
at least one full revolution in the non-cavitating condition where the
unsteady terms are stored internally at every time step. These saved
time-derivatives are applied on the wetted part of the blade when the
cavitation model is activated. This simplification can be applied be-
cause of the periodicity of the unsteady terms. However, in the presence
of waves, the unsteady terms are not periodic because wave frequency
and blade frequency are, generally, not multiples of each other. As a
consequence, the previous technique cannot be applied to the fully-
unsteady approach. An efficient solution consists of running first the
propeller model in non-cavitating conditions and then compute another
simulation where the cavitation model is activated. The former is only
necessary to store the unsteady terms externally at every time step. The
latter computes the propeller performance, where the unsteady terms
saved in the first simulation are used. This technique solves quickly the
problem related to the non-periodicity of the unsteady terms without
performing significant modifications to the software. As a disadvantage,
two completely different simulations are required to compute the pro-
peller performance in waves.

2.3. Blade wake model

Three blade-wake models are currently available in ESPPRO:

1. A blade wake alignment model inspired by Tian et al. [32]. In this
model, the trailing vortex sheets of the blades are aligned with the
local flow velocity. Slipstream contraction and other complex

Fig. 1. Algorithm comparison: quasi-steady vs fully-unsteady approach.
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phenomena are taken into account.
2. A geometry for the blade wake inspired by Hoshino [6]. This blade

model takes into account the contraction of the slipstream and the
variation of the pitch of helical trailing vortex sheets.

3. A geometry for the blade wake inspired by Streckwall [27]. This
simple blade wake model accounts for neither roll-up of the tip
vortex nor slipstream contraction. The blade pitch is a function of
both blade pitch at r/R = 0.9 and advance ratio.

The first blade wake model provides the best comparison with
KVLCC2 experimental open water data [18]. However, it is computa-
tionally expensive, especially for long-time simulations with small time
steps as in the presence of waves. The open water characteristics
computed by ESPPRO with the third wake blade model (see Fig. 2)
show a better agreement with the experimental open water data than
the second wake blade model. Therefore, even though it is compara-
tively simple, the wake model inspired by Streckwall [27] is applied in
the current work for both the quasi-steady and the fully-unsteady ap-
proach.

Typically, for this type of model, the blade wake geometry is
“frozen” during the unsteady simulation since the advance ratio is
constant in time. However, in the presence of waves, propeller speed
fluctuations and time-varying wake field lead to a time-variation of the
advance ratio. Thus, the blade wake geometry needs to be re-
constructed, at every time step, by recomputing the blade wake pitch
for the fully-unsteady approach. In the quasi-steady approach, the blade
wake geometry is still “frozen” in time because, for each simulation,
propeller speed and wake field are time-invariant.

3. Case vessel

The full-scale KVLCC2 tanker with the MOERI’s corresponding
propeller, see Tables 1 and 2 or Kim et al. [13], are utilized in the
present case study.

4. Open water condition

Seven plane progressive waves in head sea conditions are con-
sidered. Wave characteristics are shown in Table 3. For simplicity, the
presence of the ship is neglected, and the propeller performance are

computed in non-cavitating conditions.
The propeller inflow, for the quasi-steady approach, is computed at

eleven time instances t, in one encounter wave period Te, for each plane
progressive wave. At =t T/ 0.75e the time-varying average wake fraction
has its maximum value for each wave.

The temporal resolution selected for the fully-unsteady approach is
set equal to 0.004 seconds. This fine time step is necessary for the ac-
curacy of the approach. The propeller inflow is obtained by B-spline
interpolation of the wake field computed for the quasi-steady approach.

Propeller speed fluctuations and ship motions are neglected. Shaft
submergence and propeller speed are assumed to be constant in time
and set equal to their design values.

4.1. Method

The time-varying wake field in waves is generated by a regular si-
nusoidal propagating wave in infinite water depth. The wave velocities
are computed as described by Faltinsen [3].

The time-invariant part of the propeller inflow velocity is adjusted
to set the advance ratio in open water conditions equal to the full-scale
calm water advance ratio calculated by Kim et al. [13].

For brevity, the time-varying wake field in waves at the propeller
plane, computed by the described method, is shown in Fig. 3 only at
four time instances for one plane progressive wave.

5. Behind ship condition

Three regular waves in head sea conditions are considered. Wave
characteristics are shown in Table 4.

Wake field, ship motions, and propeller speed fluctuations are
computed at eleven time instances t, in one encounter wave period Te,
for each regular wave. At =t T/ 0e the time-varying average wake
fraction has its minimum value for each wave.

The temporal resolution selected for the fully-unsteady approach is
set equal to 0.004 seconds. This fine time step is necessary for the ac-
curacy of the approach. Wake field, ship motions, and propeller speed
fluctuations are obtained by B-spline interpolation of the corresponding
values computed for the quasi-steady approach.

Hull pressure pulses are evaluated at nine points on a horizontal
plane located above the propeller (see Fig. 4).

5.1. Method

The comparison between the quasi-steady and the fully-unsteady

Fig. 2. Open Water Diagram for the MOERI KP458 propeller.

Table 1
KVLCC2 main particulars.

Length between perpendiculars 320.0 m
Breadth 58.0 m
Design draft 20.8 m
Design shaft submergence 15.1 m
Service speed 15.5 kts

Table 2
KP458 propeller characteristics.

Diameter 9.86 m
Design propeller speed 76 rpm
Number of blades 4
AE/AO 0.431
P D( / )Mean 0.690

Table 3
Open water condition – Wave characteristics.

Wave H/λ A λ/LPP ωe /propd e

[ ] [ ] [m] [ ] [rad/sec] [ ]

OW1 0.040 1.123 0.176 1.667 4.77
OW2 0.040 1.529 0.239 1.353 5.88
OW3 0.040 1.997 0.312 1.134 7.02
OW4 0.040 2.527 0.395 0.974 8.17
OW5 0.040 3.120 0.488 0.851 9.35
OW6 0.040 3.775 0.590 0.756 10.53
OW7 0.040 4.493 0.702 0.679 11.73

S. Saettone, et al. Applied Ocean Research 99 (2020) 102011

4

82 Ship Propulsion Hydrodynamics in Waves



approach has to be conducted by considering realistic ship operating
conditions. However, the limited availability of wake data for ships in
waves constitutes an obstacle for this purpose. Therefore, an approxi-
mated method (see Fig. 5) is applied to determine the realistic time-
varying input data (full-scale effective wake field in waves, propeller
speed fluctuations, and shaft submergence) and the ship speed in
waves. The accuracy of this method is considered sufficient to de-
termine the necessary input for the comparison between the fully-un-
steady and the quasi-steady approach behind ship conditions. There-
fore, it is necessary to point out that this simple method does not
provide the exact time-varying input data for the entire history of a ship
sailing in waves. In particular, the time-varying input data are esti-
mated as described by Taskar [28], and the classical power prediction

approach is applied to compute the speed loss.

5.1.1. Potential wake field in waves and calm water and ship motions
The potential wake field in waves and calm water and the ship

motions computed by Taskar et al. [31], at the design speed of the ship,
are used in the present work. The potential wake fields are necessary to
estimate the full-scale effective wake field in waves (see Section 5.1.3).

In the presence of waves, the fully nonlinear, unsteady, three-di-
mensional boundary-element method implemented in the commercial
software SHIPFLOW Motions was used to compute the time-varying
propeller shaft submergence and the potential wake field in waves. The
numerical model and mathematical method employed in SHIPFLOW
Motions are described by Kjellberg [15]. In these simulations, the
model was free to heave and pitch, but it was not allowed to surge.

The nonlinear three-dimensional panel method implemented in the
commercial software SHIPFLOW-XPAN [10] was utilized to compute
the potential wake field in calm water conditions.

The potential wake field in calm water conditions, at the propeller
plane, is shown in Fig. 6. The potential wake field in waves, also at the
propeller plane, is shown in Fig. 7. For brevity, the potential wake field
in waves is shown only at one time instance for each wave. The time-
varying shaft submergences are shown in Fig. 8.

5.1.2. Full-scale effective wake field in calm water
The full-scale effective wake field in calm water, at the design speed

of the ship, is computed using the RANS-BEM coupling approach de-
scribed and validated by Regener [21]. The full-scale effective wake
field in calm water is necessary to estimate the full-scale effective wake
field in waves (see Section 5.1.3).

In the RANS-BEM coupling approach, the hull flow is solved with a
Reynolds-averaged Navier-Stokes (RANS) solver, and a boundary-ele-
ment method (BEM) is applied for the propeller analysis. The blade
blockage effect is addressed as explained by Regener et al. [22]. The
effective velocity field is computed in a plane located upstream of the
propeller, following the contour of the blade’s leading edge at an up-
stream distance of 5% of the propeller radius. The free surface is not
included in the simulation (double body approach). Other details of the
RANS-BEM computational set-up can be found in Regener [21].

In the present work, the DTU-developed unsteady low-order panel
code ESPPRO is used on the BEM side (see Section 2). The viscous flow
solver XCHAP, from the commercial software SHIPFLOW package, is
used on the RANS side. XCHAP solves the Reynolds Averaged Navier-
Stokes equations using the EASM (Explicit algebraic stress model) tur-
bulence model. The RANS equations are discretized using a finite vo-
lume method (FVM) on multi-block overlapping grids. The same
SHIPFLOW computational set-up as implemented by Larsson et al. [16]
is applied in the present study (apart from the necessary differences
from model to full scale). The fine and body-fitted computational grid
around the hull is further refined towards the ship stern to resolve
correctly the propeller plane flow. For simplicity, a comparison of the
computed wake distribution with the velocity fields estimated by other
turbulence models is not carried out. This is because, as explained in
Section 5.1, the method applied to determine the time-varying input
data is not intended to provide the exact time-varying wake distribution
of a ship sailing in waves.

The full-scale effective wake field in calm water conditions, com-
puted coupling ESPPRO with SHIPFLOW, is shown in Fig. 9. Details of
the grid implemented in the RANS simulation are shown in Appendix B.
The propeller grid utilized in the BEM computation can be seen in
Appendix A. The suction side pressure distribution over the propeller
blade is presented in Appendix C.

5.1.3. Full-scale effective wake field in waves
The full-scale effective wake field in waves, necessary for the pro-

peller analysis, is computed, at the design speed of the ship, by fol-
lowing the method described by Taskar et al. [31]. The main idea

Table 4
Behind ship condition – Wave characteristics.

Wave H/λ A λ/LPP ωe /propc e

[ ] [ ] [m] [ ] [rad/sec] [ ]

BS1 0.031 3.0 0.6 0.83 8.94
BS2 0.017 3.0 1.1 0.56 13.19
BS3 0.012 3.0 1.6 0.44 16.62

Fig. 3. Time-varying wake field in waves - OW5. (a) OW5 - t/Te=0.2; (b) OW5 -
t/Te = 0.4; (c) OW5 - t/Te = 0.6; (d) OW5 - t/Te = 0.8.
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behind this approach is to estimate the wake field distribution in the
presence of waves by decomposing the wake field, at any point in time,
into a time-varying and time-invariant wake field. The assumption is
that the former can be described by the potential part of the wake field

and the latter by the viscous part of the wake field. Therefore, it is
assumed that the wake variation due to waves is primary due to po-
tential effects, even though the wake itself is a viscous phenomenon.
Consequently, the potential part of the wake distribution in calm water
Wpc (see Section 5.1.1) is subtracted from the total wake distribution in
calm water Wc (see Section 5.1.2), and then the potential part in waves
Wpw (see Section 5.1.1) is added:

= +W W W Ww c pc pw

Taskar et al.[31] applied this approach to predict the nominal wake
field of the KVLCC2 tanker in model-scale. The potential wake field was
computed with the procedure explained in Section 5.1.1. The

Fig. 4. Outline of the estimated input data for the propeller analysis.

Fig. 5. Hull pressure points are described in a ship-fixed coordinate system
located in the propeller center where the x-axis is positive upstream, the y-axis
is positive to the port side, and the z-axis completes the right-hand coordinate
system.

Fig. 6. Potential wake field in calm water conditions.

S. Saettone, et al. Applied Ocean Research 99 (2020) 102011

6

84 Ship Propulsion Hydrodynamics in Waves



comparison showed that the wake obtained using the method did not
resemble the wake distribution determined by CFD simulations [24].
According to Taskar et al. [31], the main reason for this result is that, in
model scale, the viscous effects not only dominate the overall in-
stantaneous wake distribution but, they also appear to strongly affect
the time-varying part of the wake field in waves. Based on this, it was
concluded that potential flow calculation methods might not be suitable
to estimate the time-variation of the nominal wake field in waves in
model scale.

However, the viscous effects and their impact on the wake field get
progressively less important with increasing Reynolds number. In ad-
dition, the influence of the bilge vortex on the propeller inflow is re-
duced in the effective wake field in full scale compared to the nominal
wake field in model scale [22]. Therefore, the new idea is to apply the
same approach in full scale rather than in model scale by considering
the effective wake field and not the nominal one. Specifically, the ef-
fective calm water wake distribution in full-scale is used as base wake
field for the method. For the sake of comparison, the effective wake
field in calm water is scaled to match the full-scale effective average
wake fraction, wS = 0.305, obtained by Kim et al. [13].

The full-scale effective wake field in waves, computed by the de-
scribed method, is shown in Fig. 10. For brevity, the effective wake field
in waves is shown only at one time instance for each wave.

As a validation of the method, average wake fractions of the re-
sulting time-varying wake field are compared with average wake frac-
tions estimated as described by Taskar [28]: the time-varying total
wake velocity in waves Vt is computed by considering a dimensionless
mean increase in propeller inflow Vm and a fluctuating velocity com-
ponent Vf as follows:

=V V V·t f m (1)

The fluctuating velocity Vf is computed including the surge motion

Fig. 7. Time-varying potential wake field in waves - BS1, BS2, and BS3. (a) BS1 -
t/Te = 0.09; (b) BS2 - t/Te = 0.91; (c) BS3 - t/Te = 0.79.

Fig. 8. Time-varying shaft submergences in waves.

Fig. 9. Full-scale effective wake field in calm water.

Fig. 10. Time-varying effective wake field in full-scale in waves - BS1, BS2, and
BS3. (a) BS1 - t/Te = 0.09; (b) BS2 - t/Te = 0.91; (c) BS3 - t/Te = 0.79.
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effect and the orbital motion of water particles in an attenuated wave at
the stern, as described by Ueno et al. [33]. The mean increase Vm is
computed assuming the bottom of the ship to be a flat plate that is
pitching harmonically, as explained by Faltinsen et al. [4].

Fig. 11 shows the comparison, for the selected three wavelengths
(see Section 5.1.1), between the average wake fractions of the resulting
time-varying wake field (red curve) and the average wake fractions
estimated as described by Taskar [28] (blue curve). Small differences in
the fluctuation amplitude can be noticed for the short wave.

Only the average wake fractions are compared because of the
nonavailability of the effective wake distribution in full-scale in waves
for the considered cases.

5.1.4. Propeller speed in calm water conditions
The propeller rate of revolutions in calm water conditions is not set

equal to the design value of the KP458 propeller, but it is computed by
considering the intersection between the required thrust relation KT/J2

and the open water thrust coefficient curve KT. This is performed to be
consistent with the computation of the speed loss.

The residual resistance coefficient CR is obtained by averaging the
experimental results provided by Larsson et al. [16]. Measurements
were carried out in the MOERI (formerly KRISO) towing tank and the
test basin at the University of Osaka.

The friction resistance coefficient CF is computed by applying the
ITTC 57 Model-Ship Correlation Line [8]. The form factors are also
provided by Larsson et al. [16].

The propulsion factors were determined experimentally in model
scale and extrapolated to full scale by Kim et al. [13].

The propeller rate of revolutions in calm water conditions, esti-
mated with the described method, is equal to 1.176 rps.

5.1.5. Propeller speed fluctuations
An approximated numerical method is applied to compute the

propeller speed fluctuations due to the absence of an engine-propeller
model for the propulsion system of the KVLCC2 vessel. This method,
validated by Taskar [28], determines the variation of the propeller rate
of revolution with the assumption of constant torque.

Quasi-steady simulations are performed by ESPPRO, for each time
instance, keeping the propeller speed equal to its value in calm water
conditions. These simulations are used to compute the temporal mean
of the torque in one encounter wave period. For each time instance, the
open water curve (KQ-J diagram - see Fig. 2) is used to create the torque
speed characteristic of the propeller. The propeller speed variation is
obtained using the torque speed characteristics and the temporal mean
of the torque. This procedure is practical for constant torque machines
as marine diesel engines.

The propeller speed fluctuations, estimated with the described
method, are shown in Fig. 12.

5.1.6. Speed loss
The classical power prediction approach is applied to compute the

speed loss. Generally, in this method, the resistance curve is modified
by adding the resistance due to waves, wind, yawing, steering, and
other effects to the calm water resistance [26]. For simplicity, only
wind resistance and added resistance in waves are considered in the
present work.

The calm water resistance curve is computed as described in
Section 5.1.4.

The added resistance is calculated in irregular waves even though
regular waves are considered. Generally, the added resistance estimated
in irregular waves is lower than the corresponding one in regular
waves. In the selected case, if the added resistance were computed for
regular waves, the new ship speeds would be unrealistically low.
Therefore, irregular waves are considered with significant wave heights
and peak frequencies equal to the wave heights and frequencies of the
regular waves simulated in SHIPFLOW Motions (see Section 5.1.1 and

Table 4). The method described in ITTC [9] is used along with the
modified Pierson-Moskowitz wave spectrum to compute the added re-
sistance in irregular waves.

The wind resistance is calculated following the method described in
ITTC [9]. The KVLCC2 superstructure is assumed to be located at the aft
with dimensions typical for a tanker of that size.

The speed loss in waves, computed with the described method, is
shown in Table 5.

5.1.7. Hull pressure pulses
Hull pressure pulses are evaluated by analyzing the time-varying

pressure signal computed with the Bernoulli equation.
A common approach for extracting pressure pulse harmonics at

blade frequency and their multiples is the Fast Fourier Transform (FFT).
This method assumes stationarity of the data in the time-window in
which it is applied. This condition is achieved in calm water conditions.
However, this requirement is generally not fulfilled in the presence of
waves where data are non-stationary. Therefore, the conversion of the
time-varying pressure signal via the FFT cannot be applied. The solu-
tion implemented in the present work is to use the Hilbert-Huang
Transform (HHT) [7]. Unlike the FFT, the HHT is not constrained by the
assumptions of stationarity and computes the amplitude of the signal as
a function of time. Compared to the FFT, before applying the HHT, the
time-varying pressure signal needs to be filtered to extract the pressure
harmonics. The chosen filter is an NTNU-developed pass-band filter,
and the cut-off frequencies are dynamically calibrated to isolate the
blade frequency and its multiples. The FFT can still be applied in the
quasi-steady case where data are stationary. Nevertheless, the HHT is
also used in the quasi-steady approach to be consistent with the cal-
culation of the pressure harmonics.

The influence of the hull surface on the pressure pulses is introduced
using the concept of solid boundary factor (SBF), which is defined as the
ratio between the pressure acting on the boundary surface and the free-
field pressure in the absence of the solid boundary at the same location.
Specifically, the hull is modeled as a flat plate of infinite stiffness, re-
sulting in an SBF equal to 2.

6. Results and discussion

6.1. Open water condition

Unsteady propeller forces of the KVLCC2 propeller are computed
using both the quasi-steady and the fully-unsteady approach.

The comparison shows the same trend for all the considered plane
progressive waves. Therefore, for brevity, the variation of KT and KQ,
over the corresponding wave encounter period, is presented in Figs. 13
and 14 only for three representative cases: OW1, OW4, and OW7 (see
Table 3).

As explained in Section 1, a quasi-steady simulation provides results
only at the selected time instance. As a consequence, for the quasi-
steady approach, the unsteady propeller forces are represented over
time by dots. On the other hand, results are displayed with a continuous

Fig. 11. Comparison of the effective average wake fractions.
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curve for the fully-unsteady approach. Additionally, the discrete-time
instances for the quasi-steady calculations are shown as violet vertical
lines.

Figs. 13 and 14 show a good agreement in the amplitudes of KT and

KQ between the two approaches.
On the other hand, notable differences can be seen when comparing

the unsteady propeller forces at the discrete-time instances. Table 6
shows the maximum relative difference of KT and KQ, for each pro-
gressive wave, between the two approaches. It can be noticed that the
higher the ratio of propeller angular frequency to wave encounter fre-
quency, the higher the maximum difference between the quasi-steady
and the fully-unsteady approach. This is not in line with the hypothesis
formulated to justify why the quasi-steady approach can be used to
substitute the fully-unsteady approach: the ratio of propeller angular
frequency to wave encounter frequency needs to be sufficiently large.
This is because, in general, the influence of the time history of the
propeller performance on the prediction of the unsteady propeller
forces also depends on the amplitude of the fluctuation of the time-
varying input data and on how quickly these time-varying input data
change in time. In other words, for the considered case, the difference
between the two approaches increases with the increasing magnitude of
the acceleration of the time-varying wake field. This can be seen from
the particle acceleration amplitude of the plane progressive waves,
computed at the design value of the shaft submergence, shown in
Table 7.

The quasi-steady and the fully-unsteady approach have the same
wake blade geometry and propeller wake field at the same time in-
stance. As a consequence, the difference in unsteady propeller forces,
between the two approaches, is mainly related to the memory effect of
the shed vorticity in the blade wake. This also explains the trend of the
difference in unsteady propeller forces between the two approaches for
the same plane progressive wave. Let’s consider KT (see Fig. 13), for one
plane progressive wave, at the two time instances t/Te=0.2 and t/
Te=0.3. The axial wake field and the blade wake geometry are the same
for these instants of time. Thus, it is possible to assert that, for the quasi-
steady approach, the thrust generated by the propeller at t/Te=0.2 and
t/Te=0.3 is almost the same. However, for the fully-unsteady approach,
the memory effects experienced by the two time instances are different.
This is related to the particle acceleration of the plane progressive
wave, shown in Fig. 15. The memory effect for t/Te=0.2 is related to its
previous time instances where the magnitude of the acceleration is
higher than the magnitude of the acceleration of the previous time
instances of t/Te=0.3. Therefore, at t/Te=0.2 the memory effect of the
shed vorticity in the blade wake has a higher impact than the one at

Fig. 12. Calm water propeller speed and propeller speed fluctuations.

Table 5
Speed loss in waves.

Wave Speed loss
[ ] [kts]

BS1 1.20
BS2 1.26
BS3 1.01

Fig. 13. KT comparison - OW1, OW4, and OW7.

Fig. 14. KQ comparison - OW1, OW4, and OW7.

Table 6
Maximum relative difference of KT and KQ.

Wave Max. Rel. Diff. KT Max. Rel. Diff. KQ /propd e

[ ] [%] [%] [ ]

OW1 1.53 1.19 4.77
OW2 2.39 1.82 5.88
OW3 3.01 2.37 7.02
OW4 3.81 2.99 8.17
OW5 4.22 3.29 9.35
OW6 4.56 3.58 10.53
OW7 4.83 3.78 11.73

Table 7
Particle acceleration amplitude of the plane progressive
waves.

Wave Acceleration amplitude
[ ] [m/sec2]

OW1 0.227
OW2 0.356
OW3 0.476
OW4 0.581
OW5 0.671
OW6 0.745
OW7 0.807
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t=0.3. This explains the higher difference in KT at t/Te=0.2 than at t/
Te=0.3 between the quasi-steady and the fully unsteady approach.

Consequently, for the same plane progressive wave, the impact of
the memory effect on the difference between the quasi-steady and the
fully-unsteady approach decreases with the decreasing of the advance
ratio. This is because, for a given wake field, the higher the propeller
load the lower the relative variation in the angle of attack caused by the
time-varying wake field.

It is also important to compare the temporal mean of KT and KQ,
computed over the wave encounter period. This is necessary for the
estimation of the mean increase of propeller thrust and torque due to
the presence of waves. Table 8 shows negligible differences, between
the two approaches, for all the considered plane progressive waves.

6.2. Behind ship condition

Unsteady propeller forces, cavitation volume, and hull pressure
pulses of the KVLCC2 propeller are computed using both the quasi-
steady and the fully-unsteady approach. The propeller performance in
calm water conditions is also estimated to quantify the importance of
the difference in prediction between the two approaches.

6.2.1. Unsteady propeller forces
Figs. 16–21 show the variation of KT and KQ over an entire wave

encounter period. Results are presented in red for the quasi-steady
approach, blue for the fully-unsteady approach and green for the calm
water conditions. Additionally, the discrete-time instances for the
quasi-steady calculations are displayed as violet vertical lines.

The propeller speed fluctuations lead to a comparison where, for
each time instance, the quasi-steady and the fully-unsteady approach
have, generally, the same time-varying input data but different position
of the propeller blades. This issue makes it difficult to compare the
unsteady propeller forces over time between the quasi-steady and the
fully-unsteady approach. The solution implemented to overcome this
problem consists of plotting the quasi-steady results in sub-domains
centered at the corresponding time instances. First and last value of
each sub-domain are selected to be in the middle of two adjacent time
instances. This technique creates a discontinuous piecewise function
defined in a domain equal to the corresponding wave encounter period.
This type of representation provides a general overview of the dis-
crepancies between the two approaches over the whole wave encounter
period.

Figs. 16–21 show a good agreement in the low frequency amplitude
of KT and KQ between the two approaches. This finding confirms the
results presented in Section 6.1.

Negligible differences in unsteady propeller forces over time be-
tween the quasi-steady and the fully-unsteady approach can be also

noted. The reason for this is that the high propeller load, caused by the
added resistance, leads to a relatively low variation of the angle of at-
tack and, it reduces the difference over time between the quasi-steady
and the fully-unsteady approach (also see Section 6.1).

Table 9 shows a negligible difference in the temporal mean of KT
and KQ, computed over the wave encounter period, between the quasi-
steady and the fully-unsteady approach. This finding confirms the re-
sults presented in Section 6.1.

Based on these results, it is possible to conclude that, for the selected
case, the unsteady propeller forces predicted by the quasi-steady and
the fully-unsteady are in good agreement.

6.2.2. Cavitation volume
Figs. 22–24 show the variation of the cavity volume for the key

blade over the propeller blade angle.
Results are presented in red for the quasi-steady approach and blue

for the fully-unsteady approach. Additionally, the blade angle corre-
sponding to the time instances for the quasi-steady calculations are
displayed as violet vertical lines. The cavity volume is non-
dimensionalized by dividing its absolute value to the maximum value of
the cavity volume in calm water conditions.

The cavity volume is shown over the propeller blade angle because
the position of the blades is the key parameter to compare the quasi-
steady and the fully-unsteady approach when considering cavitation.
However, for each blade position, the time-varying input data are not
the same for the two methods. This comparison is valid as long as the
propeller speed fluctuations are moderate compared to the variation in
time of the time-varying input data, as in the present case.

The same principle implemented to plot the quasi-steady propeller
forces, i.e. quasi-steady results shown in sub-domains centered at the
blade angles corresponding to the quasi-steady time instances, is not
applied for the cavity volume. This is because the quasi-steady peaks
are located at the corresponding blade angle instances and not where
the cavitation peaks of the fully-unsteady approach are. As a con-
sequence, that type of comparison would not be accurate if the differ-
ence in blade angle between a quasi-steady and fully-unsteady peak was
too high or if the change in cavitation volume in time was too quick.
The best possible solution to overcome this issue consisted of syn-
chronizing the quasi-steady angle instances with the cavitation peaks of
the fully-unsteady approach. A similar result can be achieved by in-
terpolating the cavitation peaks of the quasi-steady approach, located at
the corresponding angle instances, over the encounter wave period.
This envelope, presented in red in Figs. 22–24, makes it possible to
compare the variation in time of the cavitation peaks between the
quasi-steady and the fully-unsteady approach.

Figs. 22–24 show a negligible difference in maximum cavity volume
between the quasi-steady and the fully-unsteady approach. This out-
come is mainly related to the good agreement in unsteady propeller
forces (see Section 6.2.1) and to the moderate time-variation of the
shaft submergence (see Fig. 8).

Therefore, it is possible to conclude that, for the selected case, the
cavity volume predicted by the quasi-steady and the fully-unsteady is in
good agreement.

Fig. 15. Particle acceleration in the plane progressive wave - OW1, OW4, and
OW7.

Table 8
Relative temporal mean difference of KT and KQ.

Wave Rel. Diff. KT Rel. Diff. KQ
[ ] [%] [%]

OW1 0.14 0.10
OW2 0.18 0.13
OW3 0.21 0.14
OW4 0.21 0.13
OW5 0.21 0.12
OW6 0.19 0.09
OW7 0.17 0.06
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6.2.3. Hull pressure pulses
The comparison in propeller-induced pressure pulses between the

full-unsteady and the quasi-steady approach shows a similar trend for
the three considered waves. Thus, for brevity, results are only presented
for one representative case: BS2 at t/Te= 0.59.

Fig. 25 shows the first three harmonics of the hull pressure pulses
for the nine selected points (also see Section 5).

Fig. 16. KT comparison - BS1 - Jwave = 0.332 - Jcalm = 0.478.

Fig. 17. KQ comparison - BS1 - Jwave = 0.332 - Jcalm = 0.478.

Fig. 18. KT comparison - BS2 - Jwave = 0.333 - Jcalm = 0.478.

Fig. 19. KQ comparison - BS2 - Jwave = 0.333 - Jcalm = 0.478.

Fig. 20. KT comparison - BS3 - Jwave = 0.372 - Jcalm = 0.478.

Fig. 21. KQ comparison - BS3 - Jwave = 0.372 - Jcalm = 0.478.

Table 9
Relative temporal mean difference of KT and KQ.

Wave Rel. Diff. KT Rel. Diff. KQ
[ ] [%] [%]

BS1 0.02 0.01
BS2 0.16 0.12
BS3 0.12 0.08
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A negligible difference in propeller-induced pressure pulses between
the quasi-steady and the fully-unsteady approach can be seen in Fig. 25.
This outcome is mainly related to the good agreement in unsteady
propeller forces (see Section 6.2.1) and in cavitation volume (see
Section 6.2.2).

As a result, it is possible to conclude that, for the selected case, the
hull pressure pulses predicted by the quasi-steady and the fully-un-
steady are in good agreement.

7. Conclusion

The quasi-steady and a fully-unsteady approach were compared by
computing the propeller performance of the KVLCC2 in the presence of
waves.

First, a simple comparison in open water head waves was carried
out to quantify the differences in unsteady propeller forces between the
two approaches. The comparison showed a small difference in the
temporal mean and in the fluctuation amplitude of KT and KQ, com-
puted over the encounter wave period.

Second, the results obtained from the first comparison were con-
firmed by considering three realistic case scenarios for the KVLCC2
when sailing in head sea conditions. The comparison showed insignif-
icant differences in the temporal mean and in the fluctuation amplitude
of KT and KQ, computed over the encounter wave period. Negligible
differences were observed in cavity volume variation and hull pressure
pulses.

Based on these results, it is possible to conclude that, for the con-
sidered operating conditions, the temporal mean and the fluctuation
amplitude of KT and KQ, the cavity volume variation, and the hull
pressure pulses predicted by the quasi-steady and the fully-unsteady are
in good agreement.

CRediT authorship contribution statement

Simone Saettone: Conceptualization, Formal analysis, Writing -
original draft, Writing - review & editing. Bhushan Taskar:
Conceptualization, Formal analysis, Writing - review & editing. Pelle
Bo Regener: Conceptualization, Formal analysis, Writing - review &
editing. Sverre Steen: Conceptualization, Writing - review & editing.
Poul Andersen: Conceptualization, Writing - review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper

Fig. 22. Cavity volume key blade - BS1.

Fig. 23. Cavity volume key blade - BS2.

Fig. 24. Cavity volume key blade - BS3.

Fig. 25. Hull pressure pulses - BS2 - t/Te= 0.59.
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Appendix A

Appendix B

Appendix C

Fig. A1. Propeller grid for the propeller analysis (see Sections 2 and 5.1.2).

Fig. B1. Details of the grid used in the RANS calculations (see Section 5.1.2).

Fig. C1. Suction side pressure distribution at −10∘ (left), 12 O’clock (center), and +10∘ (right) for the full-scale effective wake field in calm water - =C P
n DP 2 2 (see

Section 5.1.2).
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A B S T R A C T   

The shipping industry is the heart of international trading activities and the global economy. Maritime transport 
contributes to environmental pollution through the emission of greenhouse gases. New mandatory regulations 
aim at improving the environmental performance of ships by encouraging power reduction and alternative fuels. 
These requirements drew attention to the estimation of the ship performance in the presence of waves con-
sidering unconventional combustibles. Investigating the effects of waves on untraditional propulsion plants 
could help to design more environmentally friendly ships. The purpose of this paper is to determine the im-
portance of the time-varying wake field, ship motions, propeller emergence, and engine response on the per-
formance in waves of a marine propulsion system powered by a medium-speed LNG engine. This is performed by 
comparing the engine-propeller performance estimated by modelling the propulsion plant at three different 
levels of complexity. The results illustrated the poor prediction accuracy of the propulsion system performance 
in waves when the time-varying wake field, ship motions, and propeller emergence are neglected. The influence 
of the engine response on the performance prediction of the engine-propeller system was negligible. The out-
comes of this paper demonstrate the importance of considering the effects of the waves on the propulsion system 
of a ship during the optimization phase.   

1. Introduction 

Ship transportation is the backbone of the global economy and the 
international market. Around 80 per cent of the global trade volume 
and over 70 per cent of the world trade value are carried by sea and are 
handled by ports worldwide (Hoffmann et al., 2018). On the other 
hand, the shipping sector is responsible for the annual emission of 
around 2.5 per cent of global greenhouse gases (GHGs) and about 940 
million tonnes of CO2 (Smith et al., 2015). 

Countermeasures against the environmental pollution from ships 
resulted in new mandatory regulations such as the Initial IMO 
(International Maritime Organization) Strategy on Reduction of GHG 
Emissions from Ships and the Energy Efficiency Design Index (EEDI). 
The former was brought into effect in April 2018 by the International 
Maritime Organization’s Marine Environment Protection Committee 
(MEPC) to reduce ship emissions and to improve the environmental 
performance of new and existing vessels. According to the strategy, the 
total annual global greenhouse gas emissions have to be reduced by at 
least 50 per cent by 2050 compared to 2008. The latter was introduced 

in July 2011 by the IMO for the prevention of air pollution from new 
vessels. The lower the EEDI, the more energy-efficient is the ship, and 
the higher its environmental performance. The EEDI formulation en-
courages the power reduction of the main engine and slow steaming. 

These mandatory regulations drew attention to both the estimation 
of ship performances in waves and the implementation of alternative 
marine fuels. Liquefied natural gas could be a valid option for the latter. 
The combustion products for lean burn gas engines contain 25 per cent 
lower CO2 and 85 per cent lower NOx emission values than a marine 
diesel oil or marine gas oil (Chorowski et al., 2015). It is estimated that 
the proportion of liquefied natural gas in the global marine fleet will 
rise from the current 0.3 per cent to over 23 per cent by 
2050 (Asariotis et al., 2019). The estimation of ship performances in 
waves is crucial for two reasons. First, the evaluation of the added re-
sistance caused by waves plays a significant role in the reduction of the 
main engine size. Second, the presence of waves changes the engine 
operating point and, as a consequence, modifies the ship emissions. 
Nevertheless, ships are generally not optimally efficient in realistic sea 
states. Marine propulsion plants are typically optimized in ideal 
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conditions where the presence of waves is taken care of by adding a 
margin to the estimation of the speed-power relationship for a newly 
built ship in trial conditions. Therefore, it is expected that more energy- 
efficient ships can be designed if the effect of waves on the propulsion 
plant is taken into account during the optimization phase. 

The effect of waves on the ship propulsion system is a complex 
physical process resulting from the interaction between the sea en-
vironment, vessel performance, and propeller-shaft-engine response. In 
particular, in case of severe weather conditions, the propeller might 
come out of the water, causing a drop in the engine torque and, 
eventually, a drastic increase of propeller rate of revolutions accom-
panied by intense vibrations. For marine diesel engines, the increased 
resistance induced by waves might generate what is known as the 
torque-rich effect. This phenomenon causes the reduction of ship speed, 
overloading for the main engine, higher fuel consumption, and can lead 
to the failure of the ship propulsion system (Van Uy, 2016). Therefore, 
studying the hull-propeller-shaft-engine interaction in realistic condi-
tions is crucial to get a better insight into the overall propulsion system 
response and to estimate the required engine size accurately. 

Full-scale testing is the most accurate method to understand how 
ship performances are affected by propeller-shaft-engine dynamics. An 
example of such investigation was carried out by Ogawara et al. (1972), 
where the dynamic performances of the propulsion system of a con-
tainer ship were studied. However, full-scale experiments are ex-
pensive, time-consuming, and difficult to setup. Numerical computa-
tions are a valid alternative, at least in the early phases of the ship 
propulsion design process. Kyrtatos et al. (1999) predicted the transient 
response of a large two-stroke marine diesel engine subjected to fluc-
tuating loads obtained from either model tests or the standard propeller 
law. The main engine was coupled with appended models for the shaft, 
propeller, ship hull, and the engine speed governor. They demonstrated 
the overall model reliability to predict the dynamic response of a 
complete marine power plant system. Campora and Figari (2003) 
modeled a propulsion plant of a twin shaft arrangement with a con-
trollable-pitch propeller in a MATLAB-SIMULINK environment. The 
ship propulsion model consisted of separate blocks for the medium- 
speed diesel engine, governor, hull, controllable-pitch propeller, tele-
graph, and shaft line. The propeller model was based on either the 

propeller open water curves or measurements. Taskar et al. (2016) in-
vestigated the effect of waves on the propulsion system of the KVLCC2 
tanker along with a method to estimate the propeller wake field in 
waves. A large two-stroke marine diesel engine model was coupled with 
the open water data of the KVLCC2 propeller using an inertial shaft 
model in a MATLAB-SIMULINK environment. The thrust and torque 
losses due to the propeller emergence were also investigated. This re-
search demonstrated the importance of studying ship performances in 
waves by utilizing an engine-propeller coupled model.  
Yum et al. (2017) developed a simulation model of a mechanical pro-
pulsion system in waves for the KVLCC2 tanker. The propulsion system 
included the vessel hull, mechanical shaft, large two-stroke diesel en-
gine, and speed regulator. The shaft was modeled as a single rigid-body 
with friction, and open water data were used for the propeller model. 
Simulation results provided a better understanding of the effect of 
waves on ship performances. 

The main goal of this study is to determine the importance of the 
time-varying wake field, ship motions, propeller emergence and engine 
response to predict the performance in waves of a marine propulsion 
system. This is achieved by modelling the propulsion system at three 
different levels of complexity. The three implementations of the same 
propulsion system model (steady, unsteady with fixed engine speed, 
and unsteady with variable engine speed) are compared in terms of 
estimated engine torque, propeller efficiency, and computation per-
formance. The considered propulsion system is powered by a medium- 
speed four-stroke natural gas engine with a controllable-pitch propeller. 
The DTU-developed unsteady low-order boundary-element method 
ESPPRO (Regener, 2016) is implemented in inhomogeneous inflow for 
the propeller model. The GT-POWER Engine Simulation 
Software (Gamma Technologies, 2019a) is used for the engine model-
ling. The overall propulsion plant model is developed in the 
MATLAB-SIMULINK co-simulation environment. 

2. Case vessel 

A full-scale LNG powered vessel is utilized in the present study. The 
main specifications of the ship, propeller characteristics and engine 
specifications are shown respectively in Table 1, 2, and 3. 

Nomenclature  

A wave amplitude 
AE/AO blade area ratio 
B breadth of the ship 
D propeller diameter 
g gravitational acceleration 
GR gear ratio 
hP propeller shaft submergence 
J advance ratio 
k wave number 
KQ0 torque coefficient for a deeply submerged propeller 
KQ torque coefficient for a not deeply submerged propeller 
KT0 thrust coefficient for a deeply submerged propeller 
KT thrust coefficient for a not deeply submerged propeller 
LPP length between perpendiculars 
ne engine speed 
np propeller speed 
n̄ target crankshaft rotation rate 
P propeller pitch 
P D( / )D0.7 design propeller pitch at 0.7 r/R 

Qe engine torque 
QeM1 engine torque computed by model 1 
QaeM2 engine torque amplitude computed by model 2 
QpeakM2 model 2 engine torque amplitude peak relative to model 1 

QtroughM2 model 2 engine torque amplitude trough relative to model 
1 

Qp propeller torque 
r fuel consumption 
R propeller radius 
RADD added wave resistance 
t time 
T propeller thrust 
u surge velocity 
V ship velocity 
Vf fluctuating wake velocity due to waves 
Vm mean wake velocity due to waves 
Vt total wake velocity due to waves 
w full-scale nominal average wake fraction in waves 
Wxxx sea state identification number 
β thrust diminution factor 

peakM2 model 2 propeller efficiency peak relative to model 1 
troughM2 model 2 propeller efficiency trough relative to model 1 

η3 heave motion amplitude 
η5 pitch motion amplitude 

1 surge velocity amplitude 
θ wave direction (180∘ is considered as head wave) 
λ wavelength 
ρ water density   
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3. Propulsion system model 

The MATLAB-SIMULINK co-simulation environment with a fixed- 
step solver is utilized to design the overall propulsion system model. 
The data exchange between subsystem blocks is limited to time-discrete 
communication points. The subsystems are solved separately and in-
dependently from each other. The exchanged data between blocks are 
extrapolated based on the information from the previous time-discrete 
communication points. 

Fig. 1 shows the block diagram of the coupled system. Five main 
subsystem blocks are implemented to represent the effect of waves on 
the ship performance:  

• Sea State. This block represents the state of the sea and provides the 
wave characteristic to the vessel model.  

• Vessel Model. The vessel dynamics are implemented in this block. 
Based on the wave characteristic, propeller thrust, and desired en-
gine speed, the time-invariant propeller pitch and the time-varying 
ship velocity, wake field and ship motions are computed and given 
as input to the propeller model.  

• Propeller Model. The propeller performance is computed in this 
block. The necessary input are the time-varying propeller speed 
received from the transmission model and the data provided by the 
vessel model. The calculated torque is input to the transmission 
model. 

• Transmission Model. This block provides speed and torque con-
versions from the propeller to the engine and vice-versa. The main 
components of the transmission model are the gearbox, propeller 
shaft and flywheel.  

• Engine Model. The engine performance is calculated in this block. 
In the case of the unsteady implementation with variable rpm, the 
rotational speed of the engine is computed based on the time- 
varying torque received from the transmission model, the PID 
(proportional-integral-derivative) control system, and the inertia of 
the propulsion system. 

3.1. Sea state 

Sixty-four regular waves are considered in the present study. This 
number is obtained by combining four wave amplitudes and directions 
and wavelengths. The wave direction is relative to the ship, and 180∘ is 
considered as head wave. Wave characteristics are shown in Table 4. 

3.2. Vessel model 

The vessel model computes the data necessary for the calculation of 
the propeller performances in waves: propeller pitch, average speed 
loss, and time-varying propeller depth, surge velocity and wake field. 

Model tests performed by SINTEF Ocean (former MARINTEK) pro-
vide the propeller nominal wake distribution at the design ship speed 
and the total model resistance, thrust deduction factor, and wake 
fraction as a function of the ship velocity in calm water conditions. 

In this work, the thrust deduction fraction is assumed to be equal to 
its value in calm water conditions. This assumption is the consequence 
of two primary reasons. One, open literature provides minimal 

Table 1 
Ship main specifications.    

Length between perpendiculars 117.6 m 
Breadth 20.8 m 
Design draft 5.5 m 
Design shaft submergence 3.3 m 
Service speed 15 kts 

Table 2 
Propeller main characteristics.    

Diameter 4.2 m 
Design propeller speed 142 rpm 
Number of blades 4 
AE/AO 0.515 
P D( / )D0.7 0.975 

Table 3 
Main engine specifications.    

Number of cylinders 9 
Cylinder bore 350 mm 
Cylinder stroke 400 mm 
Rated speed 750 rpm 
Rated power 3940 kW 

Fig. 1. Block diagram of the propulsion system model.  
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knowledge concerning how the thrust deduction fraction changes in 
waves. Two, performing either expensive model-scale experiments or 
time-consuming CFD simulations is beyond the scope of the current 
study. 

3.2.1. Propeller pitch and average speed loss 
A controllable-pitch propeller with average constant-speed is im-

plemented in the current study. The average propeller rate of revolu-
tions is set equal to the target crankshaft rotation rate n̄ (see  
Section 3.4.6) divided by the gear ratio GR. The blade pitch is adjusted 
to maintain the average ship speed in waves equal to its design value if 
the engine is capable of continuously producing the required power. 
The propeller pitch is readjusted, and the corresponding average speed 
loss is computed, if the engine cannot supply the required power. The 
load limit curve and the propeller law computed for different pitch 
settings can be seen in Fig. 2. 

The propeller pitch and the average speed loss are obtained fol-
lowing the procedure recommended by ITTC (2017b). For simplicity, 
only wave and added wind resistance are considered in the current 
study. The added wave resistance is computed in irregular waves even 
though regular waves are considered for the interaction with the pro-
pulsion power plant. This is performed to have realistic values for both 
the total ship resistance and propeller-engine loads. 

The calm water resistance estimated by SINTEF Ocean is converted 
from model to ship according to ITTC (2017a). The DTU in-house 
method described by Martinsen (2016) is applied to compute the added 
resistance in regular waves. Fig. 3 shows the added resistance in regular 
waves in head sea conditions for different velocities of the ship. The 
modified Pierson-Moskowitz wave spectrum is applied along with the 
approach explained in ITTC (2014) to calculate the added resistance in 
irregular waves. The irregular waves have significant wave heights and 
peak frequencies equal to the wave heights and frequencies of the 
considered regular waves. 

The added wind resistance is calculated following the procedure 
described by ITTC (2014). 

3.2.2. Ship motions 
Heave and pitch transfer functions are obtained using the closed- 

form expressions of Jensen et al. (2004). The response amplitude op-
erator (RAO) for surge is computed following the method described 
by Honkanen (1976). The time-varying propeller depth and surge ve-
locity are determined at the computed vessel speed. Heave, pitch and 
surge velocity RAO in different wave conditions at design ship speed 
can be seen in Figs. 4, 5 and 6. 

3.2.3. Time-varying wake field 
The propeller nominal wake distribution is available, at the design 

ship speed, from model scale experiments performed by SINTEF Ocean. 
The scaling procedure provided by Sasajima et al. (1966) is applied to 
obtain the wake field in full scale. The entire wake distribution is 
contracted to avoid time-consuming calculations. The wake distribution 
is assumed to be invariant with the ship velocity. The velocity-depen-
dent wake fraction is scaled according to the ITTC (2017a). Fig. 9 shows 
the full scale nominal wake distribution at the design ship speed. 

The method described by Taskar (2017) is applied to determine the 

scale factors for the computation of the time-varying wake fields in 
waves. This approach considers a dimensionless mean increase in pro-
peller inflow Vm and a fluctuating velocity component Vf as follows: 

=V V V·t f m (1) 

The fluctuating velocity Vf is calculated including the surge motion 
effect and the orbital motion of water particles in an attenuated wave at 
the stern, as described by Ueno et al. (2013). The mean velocity in-
crease Vm is computed assuming the bottom of the ship to be a flat plate 
that is pitching harmonically, as explained by Faltinsen et al. (1980). 

Fig. 7 shows the time-varying inflow averaged over the propeller 
disk for three representative cases: W111, W233, and W344 (see Table 4). 

3.3. Propeller model 

The main tool for the propeller analysis is the DTU-developed un-
steady low-order boundary-element method ESPPRO (Regener, 2016). 
It is based on potential flow theory where the fluid is assumed to be 
irrotational and viscosity and compressibility are neglected. Compared 
to other potential flow numerical methods, the boundary-element 
method provides a complete representation of the propeller geometry 
by placing sources and dipoles on the actual propeller surface. 

ESPPRO can predict unsteady sheet cavitation and tip vortex cavi-
tation in behind ship conditions. The sheet cavitation model im-
plemented in ESPPRO is described by Regener et al. (2018). Details of 
the implementation of the tip vortex cavitation model can be found in  
Mirsadraee (2019). ESPPRO was validated by comparing the predicted 
propeller performance to both results reported for similar numerical 
models, such as Vaz and Bosschers (2006) and Vaz et al. (2015), and 
experimental data, such as Mirsadraee (2019). 

In the present work, the propelle blade is discretized into 40 panels 
in both spanwise and chordwise direction. Equidistant stretching is 
applied for the former and cosine stretching for the latter. Several 
blade-wake models are available in ESPPRO (Saettone et al., 2020). The 
wake model inspired by Hoshino (1993) is selected for the computation 
of the propeller performance. Fig. 8 shows the comparison between the 
experimental open water curves and the open water characteristic 
computed by ESPPRO. 

3.3.1. Quasi-steady approach 
The propeller performance in waves can be evaluated by using both 

a quasi-steady and a fully-unsteady approach. The former is a compu-
tationally inexpensive method that neglects the time history of the 
propeller performance related to the time-varying input data, such as 
wake distribution, propulsion factors, propeller speed fluctuations, and 
ship motions. The latter provides a complete representation of the 

Table 4 
Wave characteristics - Wave W214 refers to A2, L/ ,PP1 and θ4.        

NA A N LPP/ λ/LPP N θ 

[-] [m] [-] [-] [-] [deg]  

A1 0.5 L/ PP1 0.6 θ1 180 
A2 1.0 L/ PP2 0.8 θ2 120 
A3 1.5 L/ PP3 1.0 θ3 60 
A4 2.0 L/ PP4 1.2 θ4 0 

Fig. 2. Load limits.  
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propeller dynamics, but it is computationally expensive.  
Saettone et al. (2020) showed a good agreement between the quasi- 
steady and the more advanced fully-unsteady approach in the predic-
tion of the propeller performance in waves for the KVLLC2 tanker. As a 
result, the quasi-steady approach is applied in the current study for the 

propeller analysis. 

3.3.2. Propeller emergence 
The quasi-dynamic approach described by Minsaas et al. (1983) is 

Fig. 3. Added resistance in head regular waves.  

Fig. 4. Heave RAO in different wave conditions at design ship speed.  

Fig. 5. Pitch RAO in different wave conditions at design ship speed.  

Fig. 6. Surge velocity RAO in different wave conditions at design ship speed.  

Fig. 7. Time-varying inflow averaged over the propeller disk - W111, W233, and 
W344. 

Fig. 8. Open Water Diagram computed by ESPPRO for the design propeller 
pitch. 

S. Saettone, et al.   Applied Ocean Research 103 (2020) 102320

5

Ship Propulsion Hydrodynamics in Waves 99



applied to compute the reduction of thrust and torque caused by wave 
effects and the propeller emergence. This method implements a thrust 
diminution factor β for the correction of the performance of a deeply 
submerged propeller (see Eq. 2). Loss of propeller disc area, wave 
making by propeller, and Wagner effect are taken into account. The 
time-varying immersion of the shaft is assumed to be oscillating and 
periodic. The beta curve proposed by Minsaas et al. (1983) is shown in  
Eq. 3. 

= =K K K K· ·T T Q Q0
0.8

0 (2)  

=
<1 0.675[1 0.769( )] 1.3

1 1.3

h
R

h
R

h
R

1.258P P

P
(3)  

3.4. Engine model 

A medium-speed four-stroke natural gas engine is considered in the 
present analysis (see Table 3). The GT-POWER Engine Simulation 
Software (Gamma Technologies, 2019a) is utilized to setup the engine 
system simulation model, estimate the engine performance, and model 
the fundamental components of the engine. Fig. 10 shows the schematic 
representation of the six main parts of the engine model. 

The engine is a spark-ignited lean-burn combustion engine. It is 
equipped with a variable-geometry charging system to benefit from the 
power increase offered by the extended knock limit of the lean mixture. 
The high air temperature produced by the compressor is decreased by 
an intercooler. The air flow is controlled by the variable turbine geo-
metry. The fuel flow is controlled by mechanical valves before each 
cylinder. 

A load-based approach is implemented for the engine model. In this 

methodology, the engine speed is computed based on the torque re-
ceived from the shaft, the inertia of the propulsion system, and the PID 
control system. The engine model is validated by comparing the pre-
dicted engine performance to measured data. An example of such va-
lidation can be seen in Figs. 11 and 12. The good agreement between 
measured data and predicted engine performance demonstrates the 
reliability of the engine modelling. 

3.4.1. Zone 1: Turbocharger 
The turbocharger performance is modeled using maps given in the 

form of look-up tables. The performance maps contain information 
about turbine and compressor thermodynamic efficiency as a function 
of pressure ratio, mass flow rate, and turbocharger speed. The turbine 
and compressor performance are modeled by following the iterative 
process described in Gamma Technologies (2019b). 

3.4.2. Zone 2: Intercooler 
A sea-water-based coolant is utilized for the engine. The intercooler 

is modeled using the non-predictive approach described in  
Gamma Technologies (2019b). The fixed outlet temperature is imposed 
by modelling the intercooler as an infinite sink of heat (multiple pipe 
object). The heat transfer coefficient is calculated using the Colburn 
analogy (Colburn, 1964). Measured data are used as the boost tem-
perature during load variations. 

Fig. 9. Full scale nominal wake distribution at the design ship speed.  

Fig. 10. Schematic of the engine model.  

Fig. 11. Engine model - Input engine torque.  
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3.4.3. Zone 3: Pipe flow 
The pipe flow model involves the solution of the Navier-Stokes, 

conservation of mass, and energy equations. These equations are solved 
in one dimension, which means that all the quantities are averaged 
across the flow direction. This approach improves the prediction of the 
turbocharger working area under dynamic loads. 

3.4.4. Zone 4: Intake and exhaust valves 
The flow losses across the intake and exhaust valves are modeled to 

predict the mass flow entering into/leaving the cylinder. The modelling 
of the flow losses follows the work proposed by Heywood (1988) and 
the computation of the ratio between the effective and the theoretical 
flow area (discharge coefficient). 

3.4.5. Zone 5: Heat transfer and combustion 
The in-cylinder heat transfer and combustion modelling are si-

multaneously modeled in the cylinder control volume. 
The model of Woschni (1968) is implemented to model the con-

vective heat transfer between the gas and the combustion chamber 
surfaces. Fourier’s law of heat conduction is applied to estimate the 
conductive heat transfer through the cylinder walls. The radiative heat 
transfer between the gas and the combustion chamber surfaces is 
modeled by Stefan-Boltzmann law. 

The Spark Ignition Turbulent Flame Combustion Model 
(EngCylCombSITurb) (Gamma Technologies, 2019b) is used to predict 
the burn rate. In-cylinder composition, cylinder temperature and 
pressure, spark position, spark timing, flame and wall interaction, fuel 
properties, and in-cylinder flow are taken into 
account (Gamma Technologies, 2019c). The burn rate is estimated 
based on the calculation of flame speed and flame kernel development. 
A thorough explanation of this theory can be found in Blizard and 
Keck (1974). 

3.4.6. Zone 6: PID 
The engine speed is regulated by a PID control system installed 

directly on the fuel valve. The controller’s PID algorithm uses the dif-
ference between the target crankshaft rotation rate n̄ and the measured 
engine speed to regulate the fuel valve opening and restore the desired 
speed. The target crankshaft rotation rate is set to be equal to the rated 
speed of the engine (750 rpm). 

The air-fuel ratio is regulated by a PID control system installed on 
the turbocharger. Accurate control of the mass ratio of air to fuel pre-
sent in the combustion process is critical for LNG engines. The con-
troller’s PID algorithm regulates the amount of air based on the in-
stantaneous fuel flow rate. 

3.5. Transmission model 

The power transmission system is modeled in GT-POWER (see  
Section 3.4). It is assumed to be rigid, and it includes a solid mechanical 
shaft, flange, and gearbox. The resistance to acceleration due to pro-
peller inertia and added water resistance is also taken into account 
through the engine model. The engine manufacture provides the mass 
moment of inertia and the mechanical efficiency of the transmission 
system. 

4. Method 

The propulsion system performance in waves is usually estimated by 
avoiding the complexity of creating a unique propulsion system model. 
Generally, the presence of the engine is neglected, and the propeller 
performances are computed by ignoring ship motions, propeller emer-
gence, and time-varying propeller speed and wake field.  
Taskar et al. (2016) showed that these assumptions are not sufficient to 
study the effect of waves on the propulsion system of the KVLCC2 
tanker powered by a large two-stroke diesel engine. Propeller and en-
gine response depend on the ship dimension and shape, engine speci-
fications, and propeller characteristics. 

In the current study, the propulsion system is modeled at three 
different levels of complexity. The three implementations of the same 
propulsion system model (see Section 3) are refereed as Model 1, 2, and 
3. The three models are compared in terms of the accuracy of the results 
and computational performance. 

4.1. Model 1: Steady propeller-engine model 

This model resembles the traditional way to estimate the propeller- 
engine performances in waves. The wave effects are taken into account 
only in terms of added resistance and change of propulsion point. The 
propeller performances are computed by neglecting ship motions, 
propeller emergence, and time-varying wake fields. The propeller forces 
associated with the blade passage frequency are ignored. Therefore, the 
engine torque and speed are time-invariant. 

4.2. Model 2: Unsteady propeller-engine model with fixed engine speed 

In this model, the engine speed is assumed to be time-invariant. On 
the other hand, ship motions, propeller emergence, time-varying wake 
fields and added resistance are taken into account. The propeller forces 
associated with the blade passage frequency are computed. As a result, 
the engine torque is fluctuating, but the propeller speed is time-in-
variant. 

4.3. Model 3: Unsteady propeller-engine model with PID 

In this model, the propeller-engine dynamics is taken into account. 
In addition, time-varying wake fields, ship motions, propeller emer-
gence, and added resistance are considered. The propeller forces asso-
ciated with the blade passage frequency are also included. The PID 
control system is activated to regulate the engine speed. Thus, the en-
gine torque and speed are time-variant. 

5. Results 

5.1. Comparison 1: Model 1 vs Model 2 

This comparison is necessary to understand the effect of the time- 
varying wake field, ship motions, and propeller emergence on the 
prediction of the propulsion system performance in waves. 

The time-varying wake field creates fluctuating engine loads, which 
may differ considerably from the time-invariant engine torque esti-
mated in steady conditions. Ship motions cause the propeller depth to 

Fig. 12. Engine model - Output engine speed.  
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change in time, which may lead to a drop in engine torque if the pro-
peller is in proximity or above the water surface. Time-varying engine 
torque and propeller submergence may also induce a reduction in 
propeller efficiency compared to the steady analysis. 

The computational time of the two approaches and the engine 
torque and propeller efficiency estimated by models 1 and 2 are com-

pared. For the sake of comparison, the propeller pitch and average 
speed loss computed for each wave condition are kept constant in both 
models. Table 5 summaries the differences between the two models. 

5.1.1. Average engine torque 
Figs. 13 and 14 show the relative per cent difference between the 

temporal mean of the engine torque in one encounter wave period es-
timated by model 2 and the steady torque calculated by model 1. A 
negative value indicates an overestimation of the propeller load pre-
dicted by model 1 compared to model 2. Fig. 13 shows the case of the 
deeply submerged propeller for four representative examples: ( = 1): 
W131, W231, W331, and W431. Fig. 14 illustrates four relevant cases for 
the propeller either in proximity or above the water surface (β < 1): 
W341, W342, W343, and W344. All the cases are displayed in Fig. 28 -  
Appendix A. 

The general trend of the results illustrates a reduction in propeller 
torque when the time-varying wake field, ship motions, and propeller 
emergence are taken into account. This outcome is mainly related to 
both the increase of propeller inflow velocity and the event of propeller 
emergence. The impact of the former effect can be seen in Fig. 13. The 
significance of the latter phenomenon is illustrated in Fig. 14. Com-
paring Fig. 13 and 14 demonstrates that the thrust diminution factor 
plays a major role in the prediction of the engine performance in waves. 
Nevertheless, it can also be observed a difference up to 2.5% in engine 
torque between the two models when the propeller is deeply sub-
merged. 

5.1.2. Engine torque amplitude 
Figs. 15 and 16 show the amplitude of the engine torque estimated 

by model 2 as the percentage of the steady torque calculated by model 
1. This investigation is necessary to comprehend if it is important to 
compute the magnitude of the fluctuating torque when estimating the 
propulsion system performance in waves. Fig. 15 illustrates four re-
levant cases for the deeply submerged propeller ( = 1): W111, W112, 
W113, and W114. In this case, the amplitude is computed as half of the 
change between the peak and the trough of the time-varying engine 
torque estimated by model 2. Fig. 16 shows four representative cases 
for the propeller either in proximity or above the water surface 
(β < 1): W314, W324, W334, and W344. In this event, two types of 
amplitudes are computed: peak and through amplitude. The former is 
calculated as the non-negative difference between the peak of the 
time-varying engine torque and the temporal mean of the engine 
torque computed by model 2. The latter considers the trough of the 
engine torque instead of the peak. All the cases are displayed in Fig. 29 

Table 5 
Comparison among models 1, 2, and 3.      

Characteristic Model 1 Model 2 Model 3  

Added Wind Resistance Yes Yes Yes 
Added Wave Resistance Yes Yes Yes 
Heave Motion No Yes Yes 
Pitch Motion No Yes Yes 
Surge Motion and Velocity No Yes Yes 
Blade Passage Forces No Yes Yes 
Propeller Emergence No Yes Yes 
Time-Varying Propeller Wake Field No Yes Yes 
Time-Varying Engine Speed No No Yes 
Propeller Pitch Same value for all the models 
Average Ship Velocity Same value for all the models 

Fig. 13. Relative per cent difference in average engine torque between models 
1 and 2 - = 1, =A {0.5, 1.0, 1.5, 2.0}, =L/ 1.0,PP = 180 . 

Fig. 14. Relative per cent difference in average engine torque between models 
1 and 2 - β < 1, =A 1.5, =L/ 1.2,PP = {180 , 120 , 60 , 0 }. 

Fig. 15. Torque amplitude estimated by model 2 as a percentage of the torque 
calculated by model 1 - = 1, =A 0.5, =L/ 0.6,PP = {180 , 120 , 60 , 0 }. 
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- Appendix A. 
The case of the deeply submerged propeller is particularly relevant 

for this investigation. This is because the relative per cent difference in 
average engine torque between models 1 and 2 is more pronounced in 
the event of propeller emergence than when the propeller is far from 
the water surface (see Section 5.1.1). As a consequence, studying the 
propeller-engine performance in the case of deeply submerged pro-
peller might be considered unnecessary. However, Fig. 15 illustrates the 
importance of considering the effect of the time-varying wake field and 
ship motions on the estimation of the propeller-engine loads even when 
the propeller is deeply submerged. Therefore, the amplitude of the 
fluctuating torque due to time-varying wake field and ship motions is 
not negligible. In the event of the propeller in proximity or above the 
water surface, it is possible to notice a remarkable value of the torque 
amplitude estimated by model 2 as a percentage of the steady torque 
calculated by model 1. This confirms the importance of the thrust di-
minution factor in the computation of the propulsion system perfor-
mance in waves. 

5.1.3. Propeller efficiency 
Figs. 17 and 18 show the amplitude of the propeller efficiency es-

timated by model 2 as a percentage of the steady propeller efficiency 
calculated by model 1. Fig. 17 shows the case of the deeply submerged 
propeller for four representative examples ( = 1): W131, W231, W331, 
and W431. Fig. 18 illustrates four relevant cases for the propeller either 
in proximity or above the water surface (β < 1): W144, W244, W344, and 
W444. All the cases are displayed in Fig. 30 - Appendix A. In the case of 

= 1, the amplitude is computed as half of the change between the 
peak and the trough of the time-varying propeller efficiency estimated 
by model 2. In the event of β < 1 (Fig. 18), the amplitude is computed 
as the difference between the extrema of the time-varying propeller 
efficiency and the temporal mean of the propeller efficiency estimated 
by model 2: peakM2 and troughM2. 

The results show a significant value of the propeller efficiency am-
plitude estimated by model 2 as a percentage of the propeller efficiency 
calculated by model 1. Comparing Fig. 17 and 18 demonstrates the 
major role of the thrust diminution factor in estimation of the propeller 
efficiency. This is because, in the case of the deeply submerged pro-
peller, the fluctuation of the propeller efficiency is primarily related to 
the time variation of the advance ratio caused by the time-varying wake 
fraction. On the other hand, in the event of β < 1, the thrust decreases 
more than the torque with the decrease of β. This provides an additional 
reduction in propeller efficiency. 

5.1.4. Computational performance 
Model 1 and 2 are compared by evaluating the computation time 

necessary to simulate all the considered 64 sea states (see Section 3.1). 
The processing speed of model 1 is around 40 times faster than model 2. 
The main reason for this outcome is related to the short time-step re-
quired for the unsteady simulations. It becomes clear that the shorter 
the wave encounter period, the smaller the difference in computation 
time between the two models. 

5.2. Comparison 2: Model 2 vs Model 3 

This comparison is necessary to evaluate the importance of the 
engine response on the prediction of the propulsion system perfor-
mance in waves. 

The fluctuation of the propeller speed caused by the presence of the 
engine may considerably alter the propulsion system loads. This is 
particularly relevant in the event of propeller emergence, where the 
engine torque reduces and the engine speed increases. In addition, the 
amount of engine over-speeding determines if the implemented control- 
strategy guarantees the safety of the propeller system in harsh weather 
conditions. 

The engine torque calculated by models 2 and 3 and the 

Fig. 16. Torque amplitude (peak and trough) estimated by model 2 as a per-
centage of the steady torque calculated by model 1 - β < 1, =A 1.5,

=L/ {0.6, 0.8, 1.0, 1.2},PP = 0 . 

Fig. 17. Propeller efficiency amplitude estimated by model 2 as a percentage of 
the steady propeller efficiency calculated by model 1 - = 1,

=A {0.5, 1.0, 1.5, 2.0}, =L/ 1.0,PP = 180 . 

Fig. 18. Propeller efficiency amplitude (peak and trough) estimated by model 2 
as a percentage of the propeller efficiency calculated by model 1 - β < 1, 

=A {0.5, 1.0, 1.5, 2.0}, =L/ 1.2,PP = 0 . 
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computational time of the two approaches are compared. For the sake 
of comparison, the propeller pitch and average speed loss computed for 
each wave condition are kept constant in both models. Table 5 sum-
marizes the differences between models 2 and 3. 

5.2.1. Engine speed and torque 
Figs. 19, 20, 23 and 24 present the engine torque computed by 

models 2 and 3. The general trend of the results shows a reduction in 
torque when the engine speed is time-variant. The magnitude of the 
reduction in engine torque depends on the specific operational condi-
tion. These outcomes are primarily related to the combined effect of the 
propulsion system specifications and PID control system characteristics. 

Figs. 19 and 20 show the case of the deeply submerged propeller 
( = 1) for two representative examples: W121 and W124. These two sea 
states are identical apart from the direction of the encountered wave: 
180∘ for W121 and 0∘ for W124. The average velocity of the ship is also 
the same in these two conditions. Figs. 19 and 20 show a higher average 
engine torque for W121 than W124. This is because of the larger added 
resistance in the head sea than in following waves. On the other hand, 
the sea state W124 generates a higher value of the engine torque am-
plitude compared to W121. This is due to the larger variation of the 
time-varying wake fraction in following sea than in head waves.  
Figs. 19 and 20 also illustrate a higher reduction in engine torque for 
W124 compared to W121. The relative per cent difference in maximum 
engine torque between models 2 and 3 is equal to 0.97% for the former 
and 0.17% for the latter. This is related to both the characteristics of the 
PID control system, engine stability, and the inertia of the overall 
system. These effects combined with the different added wave re-
sistance and encounter period induce a higher variation in engine speed 
and in fuel consumption for W124 in comparison to W121 (respectively 
see Figs. 21 and 22). 

Figs. 23 and 24 show two representative examples for the case 
where the propeller is either in proximity or above the water surface 
(β < 1): W342 and W343. These two sea states have the same wave 
amplitude and wavelength but different wave direction: = 120 for the 
former and = 60 for the latter. Both in W342 and W343, the engine 
torque starts decreasing rapidly at the time when the propeller is close 
enough to the water surface. The PID control system responds to the 
drop in torque by increasing the engine rotational speed (see Fig. 25). 
The acceleration of the engine speed is quite gentle because of the 
characteristics of the PID control system, the fast response of the en-
gine, and the inertia of the propulsion system. Furthermore, it is pos-
sible to observe an overshooting in engine torque as soon as the pro-
peller is deeply submerged again. This is due to the variation in 
propeller depth combined with the action of the PID control system. 
Comparing Figs. 23 and 24, a higher drop in torque for W342 than W343 

can be notice. This is primarily related to the different ship motions 
generated in quartering sea compared to bow sea. The difference in 
torque decrease between W342 and W343 can also be seen through the 
different amplitude of the engine speed and the fuel consumption (re-
spectively see Figs. 25 and 26). 

It is important to verify the amount of engine overspeeding to 
guarantee the safety of the propulsion system. An excessive overspeed 
can result in damage to the crankshaft, broken valve seats, and other 
dangerous phenomena. Generally, the maximum allowed overspeed is 
around 110–115% of the maximum continuous speed (MCS). Fig. 27 
shows the engine speed fluctuation for the harshest condition analyzed 
in the present study: W432. The maximum overspeed is lower than 
103% of the MCS: this demonstrates the safety of the implemented 
control-strategy. 

It is also relevant to compare the magnitude of the reduction in 
engine torque to similar studies. For instance, Taskar et al. (2016) in-
vestigated the effect of waves on the propulsion system of the KVLCC2 
tanker powered by a large two-stroke diesel engine. They observed a 
higher fluctuation of the propeller speed caused by the presence of the 
engine than in the present analysis. This is mainly related to the faster 

Fig. 19. Engine torque estimated by models 2 and 3 for sea state W121 - =A 0.5,
=L/ 0.8,PP = 180 . 

Fig. 20. Engine torque estimated by models 2 and 3 for sea state W124 - =A 0.5,
=L/ 0.8,PP = 0 . 

Fig. 21. Engine speed estimated by model 3 for sea state W121 and W124 - 
=A 0.5, =L/ 0.8,PP = {0 , 180 }. 
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Fig. 22. Fuel consumption estimated by model 3 for sea state W121 and W124 - 
=A 0.5, =L/ 0.8,PP = {0 , 180 }. 

Fig. 23. Engine torque estimated by models 2 and 3 for sea state W342 - =A 1.5,
=L/ 1.2,PP = 120 . 

Fig. 24. Engine torque estimated by models 2 and 3 for sea state W343 - =A 1.5,
=L/ 1.2,PP = 60 . 

Fig. 25. Engine speed estimated by model 3 for sea state W342 and W343 - 
=A 1.5, =L/ 1.2,PP = {60 , 120 }. 

Fig. 26. Fuel consumption estimated by model 3 for sea state W342 and W343 - 
=A 1.5, =L/ 1.2,PP = {60 , 120 }. 

Fig. 27. Engine speed estimated by model 3 for sea state W432 - =A 2.0,
=L/ 1.0,PP = 120 . 
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response of the medium-speed LNG engine compared to the large two- 
stroke diesel engine. 

5.2.2. Computational performance 
Model 2 and 3 are compared by evaluating the computation time 

necessary to simulate all the considered 64 sea states (see Section 3.1). 
The processing speed of model 2 is around 3 times faster than model 3. 
The primary cause for this result is related to the additional time re-
quired by model 3 to achieve time-periodic convergence. 

6. Conclusions 

The performance of a propulsion system powered by a medium- 
speed four-stroke LNG engine with a controllable-pitch propeller was 
computed. This was performed by modelling the marine propulsion 
system at three different levels of complexity. The three implementa-
tions of the same propulsion system model (steady, unsteady with fixed 
engine speed, and unsteady with PID control system) were compared in 
terms of estimated engine torque and speed and propeller efficiency. 
This was necessary to determine the influence of the time-varying wake 
field, ship motions, propeller emergence and engine response on the 
performance prediction of the analysed marine propulsion system in the 
presence of waves. 

The results illustrate a significant overestimation of the temporal 
mean of the engine torque computed by the steady engine-propeller 
model (up to 35% in average engine torque between the steady and 
unsteady torque). The torque amplitude estimated by the unsteady 
engine-propeller models constitutes a significant percentage of the 
steady torque calculated by neglecting the time-varying wake field, ship 
motions and propeller emergence (up to 60% in torque amplitude es-
timated by model 2 as a percentage of the torque calculated by model 
1). Similarly, the fluctuation of the time-varying propeller efficiency 
represents a remarkable portion of the propeller efficiency estimated by 
the steady engine-propeller model (up to 55% in propeller efficiency 
amplitude estimated by model 2 as a percentage of the steady propeller 
efficiency calculated by model 1). The discrepancies between the steady 
and unsteady models are more pronounced in the case of propeller 
emergence than when the propeller is deeply submerged. Nevertheless, 

the results show a considerable difference in engine torque and pro-
peller efficiency between the steady and unsteady models when the 
propeller is far from the water surface (up to 2.5% in engine torque and 
up to 9% in propeller efficiency). These outcomes indicate that ne-
glecting time-varying wake field, ship motions and propeller emergence 
would lead to a poor prediction accuracy of the propulsion system 
performance in the presence of waves. 

The quick response of the engine combined with the characteristic 
of the PID control system causes a negligible reduction in engine torque 
compared to the case where the engine speed is time-invariant (up to 
5% in relative per cent difference between the torque estimated by 
model 2 and 3). This makes it possible to investigate the propulsion 
system performance in waves without modelling the presence of the 
engine. This outcome is strictly related to the considered hull-propeller- 
shaft-engine system. 

As future work, it would be interesting to evaluate the performance 
of other types of propulsion systems in waves. 
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Fig. 28. Relative per cent difference in average engine torque between models 1 and 2 - The dot represents = 1.  
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A B S T R A C T

In many vessels, the prime mover is a diesel engine, while the researchers recommended using natural gas as
an attractive option to comply with the latest emission legislations. This study aims to analyze the dynamic
response of a spark-ignition engine fueled by natural gas. Due to the complexity of power system operation
in transient conditions, ship propulsion modeling is performed to assess the environmental impact of dynamic
load. A co-simulation modeling in MATLAB- SIMULINK platform was developed to couple the medium-speed,
four-stroke, turbocharged, spark-ignition engine to a propeller immersed in seawater. The engine’s essential
elements were implemented, and the validity of the modeling was evaluated using the manufacturer’s data in
both steady-state and transient conditions. The main goal was to determine the importance of the transient
loads on the engine response, particularly during harsh weather conditions. Hence, simulations of various wave
conditions with multiple wave amplitude, wave direction, and wavelength were conducted. Compared with
the steady-state, the transient condition resulted in a deterioration of the combustion efficiency. Furthermore,
the amount of unburned fuel, NOX compounds, and brake specific fuel consumption have increased.

1. Introduction

The global trend of employing the marine transportation system has
expanded during recent decades [1], and the marine diesel propulsion
system has had the widest market in Europe over the last five years,
as shown in Fig. 1. The figure shows that internal combustion engines
have been extensively used as a power source for the seaborne craft.
Thus, they will account for a significant part of marine emission com-
pounds. For instance, Matthias et al. [2] showed that ship emissions
might directly result in air pollution in coastal areas by producing NO2
and SO2. Much research has looked at the importance of air pollution to
global warming, the formation of acid rain and depletion of ozone [3].
For the sake of controlling emissions, international standards set limits
according to the application and power scope. For example, IMO [4]
limited the total amount of emissions in the year 2000 to 12.1 g/kW h,
in 2011 to 9.7 g/kW h and 2016 to 2.4 g/kW h for an engine speed
of 720 rpm. Although diesel engines are lean combustion engines with
relatively low concentrations of 𝐻𝐶 and 𝐶𝑂 [5], they still release a
large amount of emission compounds [6]. Emissions legislation has
forced manufacturers to redesign their products, which can be fulfilled
by engine enhancement, propeller modification, and control system
installation. The utilization of natural gas fuel – partly in LPDF or fully

∗ Corresponding author at: Department of Marine Technology, Norwegian University of Science and Technology, Norway.
E-mail address: sadi.tavakoli@ntntu.no (S. Tavakoli).

in LBSI – has provided an alternative solution without installing an
after-treatment system [7].

Combustion and emission of diesel and gas engines were studied
in numerous works, but only a few studies have identified the engine’s
dynamic response in time-varying load. The elements of ship propulsion
include the ship hull, the propeller, and the engine. Traditionally, these
three elements have been studied individually and principally in calm
water, while a real ship works in waves that cause motions and give a
time-varying inflow and load on the propeller that again interacts with
the engine. To simulate a ship propulsion system that includes engine
model, hull model, propeller model, and control system, Campora and
Figari [9] developed a mathematical model that communicated all sub-
models using the SIMULINK environment to investigate the system
response in harsh and transient conditions. Kyrtatos et al. [10] devel-
oped a mathematical model for transient and steady-state modeling
by implementing a proportional integration control system in a ship
propulsion system. Maneuvering motions have been discussed by Moc-
tar et al. [11] in a simulation of the engine propeller model, test scale
model, and real scale measurement. The engine modeling was done
based on a constant and variable propeller speed in an abrupt change

https://doi.org/10.1016/j.apenergy.2020.115904
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Nomenclature

𝜌 Density
𝐴e Surface area at flame front
ℎc Convective heat transfer coefficient

(W/m2 K)
𝑃r Absolute pressure ratio
𝑃𝑟 Prandtl number
𝑆T Turbulent flame speed
𝑇cp Instantaneous crank pin torque
𝛥𝜔 Shaft speed
𝛥𝑡 Simulation time step
�̇� Mass flow
𝜂 Efficiency
𝛾 Specific heat ratio (1.4 for air at 300 K)
𝜆 Wave length
𝜏 Taylor time scale
𝜃 Wave direction
𝐴 Wave amplitude
𝐴eff Effective flow area
𝐴R Reference area
𝐵 Cylinder Bore (m)
𝐵𝑀𝐸𝑃 Brake mean effective pressure
𝐶D Discharge coefficient
𝐶f Fanning friction of smooth pipe
𝑐P Specific heat
𝐸𝐺𝑅 Exhaust gas recirculation
ℎ Enthalpy
𝐻𝐶 Hydrocarbon
𝐼 Shaft moment of inertia
𝐼𝑉 𝐶 Intake valve closure
𝐿𝐵𝑆𝐼 Lean burn spark ignition
𝐿𝑃𝐷𝐹 Lean partial dual fuel
𝑀 Mass
𝑁𝑂2 Nitrogen dioxide
𝑃 Pressure
𝑃𝑅 Pressure ratio
𝑅 Gas constant
𝑅𝐴𝑂 Response amplitude operator
𝑆L Laminar flame speed
𝑆𝑂2 Sulfur dioxide
𝑇 Temperature
𝑇f Friction torque
𝑈eff Effective velocity outside boundary layer
𝑈𝐻𝐶 Unburned hydrocarbon
𝑉 𝐺𝑇 Variable geometry turbine

of power demand. The model’s output showed the impact of engine
dynamics on the entire system and the time delay caused by the engine
due to the response time. They also investigated three moments of iner-
tia for the propeller and showed that the time delay in reaching the new
operating setpoint stretches with a higher moment of inertia. A study by
Theotokatos [12] presented a method of coupling a turbocharged two-
stroke diesel engine response to the fixed-pitch propeller. He indicated
that the mean value model of the engine appropriately calculated the
engine response time, while there was a notable gap between the real
turbocharger speed and boost pressure with the simulated data. Hence,
he proposed multi-zone modeling to predict a precise output; otherwise,
the rapid transient condition’s accurate modeling is hard to achieve.
Real-time modeling was developed by Altosole et al. [13] to improve

Fig. 1. The number and type of power propulsion system between 2013 and 2024 in
Europe. [8].

the ship simulator. Simulation time for the whole propulsion system
reached 1% of comparable work done with a fully thermodynamic
model by applying a look-up table instead of modeling the cylinders.
However, less sensitivity to the boundary conditions such as air pres-
sure and temperature, and providing the look-up table through parallel
thermodynamic modeling, are the drawbacks of this work. A ship
traveling at sea with the wave and wind resistance was simulated using
a co-simulation modeling of a two-stroke diesel engine and propeller
by Yum et al. [14]. The model provided dynamic shaft torque and
calculated the engine’s efficiency during the transient condition. With
one constraint installed on the fuel system to limit the maximum smoke,
they found the engine encountered some delay in response time because
of the turbocharger mass moment of inertia and the high capacitance
of the manifold volume. Taskar et al. [15] also explained the influential
parameters on a wave in a ship trip and identified the propulsion
performance drop. They concluded that re-setting the exhaust valve
timing closure and changing the injection timing helped reach more
efficient combustion with less brake specific fuel consumption through-
out the transient condition. Systematic models of propulsion systems
have also been developed in similar studies to uncover the system’s
challenges, predict possible solutions, and optimize the system with the
least experiments [16,17].

The use of natural gas in the shipping industry to fulfill stringent
emission legislation was first tried in 2000, and the quantity of the gas
engine progressively increased until 2016 [18]. Natural gas is a low
carbon fuel since it has high hydrogen to carbon ratio, and it has a
higher heating value on a mass basis than fuels such as gasoline [19]. In
addition, the specific heat capacity of natural gas reduces the mixture
temperature and increases the ignition delay in comparison with the
conventional diesel operation [20]. To achieve a high BMEP natural
gas equivalent with a diesel engine, without struggling with a high
amount of NOX and knock phenomenon, lean-burn combustion was
recommended. However, concerning Fig. 2, there is only a narrow area
where the engine works at an optimized setpoint. Einewall et al. [22]
recommended an EGR-diluted mixture with stoichiometric combustion
and installing a three-way catalyst instead of lean-burn combustion.
This method significantly improved the reduction of NOX and unburned
hydrocarbon (UHC) emission, but the drawbacks were higher CO and
efficiency drop. In addition, the efficiency gain of lean operation may
be ruined due to misfire in incomplete combustion and releasing un-
burned methane [23]. Therefore, it is always a trade-off between engine
combustion efficiency and emission compounds. To optimize this trade-
off, the type and quality of ignition and combustion play a dominant
role [24].
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Fig. 2. The narrow working region of a lean-burn gas engine [21]. Any unstable
situation leads the engine into the misfire zone or knocking zone.

The briefly reviewed literature above revealed the necessity to know
the lean-burn gas engine response in a marine application where the
load changes dynamically. A specific marine engine’s primary data,
such as fuel flow, was available during a long voyage, but the emis-
sion quantity and instantaneous response of the engine are not well
determined. Therefore, this study’s main objective is to predict the
engine response by developing a co-simulation platform. Section 2
explained the procedure of modeling the propulsion system using the
thermodynamic equations for the engine, a controllable-pitch propeller,
and a high-inertia shaft. The available data was used to verify the
modeling both during steady-state and transient conditions in Sec-
tion 3. Section 4 described the importance of time-varying load on the
specific fuel consumption, combustion efficiency, knock phenomenon,
probability of the turbocharger surge, variation of air–fuel ratio and
essential emission compounds with a certain focus on the harsh weather
condition. The results were concluded in Section 5.

2. Simulation framework

Ship propulsion efficiency explains engine, propeller, and control
system performance. Accordingly, high-fidelity mathematical model-
building with detailed equations of all sub-models is influential in the
co-simulation. The propulsion setup in this study is a conventional
operation mode, as shown in Fig. 3(a), where the clutch is disengaged.
In co-simulation, the different subsystems are modeled in a distributed
manner, and the subsystems were carried out like a black box. This
study consisted of an engine and propeller being connected through
a rigid shaft. The engine was modeled thermodynamically, and the
propeller was simulated using the boundary-element method (BEM).
To properly co-simulate the entire system, an interface was required
to solve each subsystem and organize the blocks’ connecting input
and output. The connection was performed on the MATLAB-SIMULINK
platform.

A discrete-event-based co-simulation [25] was chosen to exchange
data between the sub-models, while each sub-model was solved inde-
pendently by their internal solver, using their own fixed and non-fixed
time-step for the propeller and engine, respectively. A schematic of the
co-simulation is shown in Fig. 3(b).

The decomposition of a typical engine reports a significant number
of components on the physical level. A modeling library is a powerful
tool to model such a complex system [26] believe that a model library
can handle the dictated equations and make them reusable. A model
library for the turbocharged diesel engines was also done by Yum and
Pedersen [27] and Huang et al. [28]. For this purpose, a model library

was developed and used in this work. Many researchers have used this
platform to model their library-based modeling [29–31].

The engine’s flow process commenced by air suction from the envi-
ronment into the compressor, moving within the intercooler, manifold,
and intake ports sequentially. The mixture burned inside the cylinders,
and burnt gases moved across the exhaust valves, exhaust port, exhaust
manifold, turbine, and finally discharged into the atmosphere. The
turbine and compressor are connected via a mechanical-rigid shaft. The
generated power of the engine was delivered to the propeller through
massive inertia and the gearbox. The inertia covered all of the rotating
components, including the crankshaft, camshaft, flywheel, connecting
shaft, propeller, and seawater. The components split into 11 zones in
the modeling process, as shown in the schematic of Fig. 4.

2.1. Zone 1: Environment

The ‘sea reference condition’ states the free water surface boundary
condition on an ocean. A fixed atmospheric pressure, temperature, and
zero amplitude were utilized for the compressor’s inlet and the outlet
of the turbine.

2.2. Zone 2: Turbocharger

In order to model the turbocharger’s performance, the information
from the compressor and turbine as a function of speed, pressure ratio,
mass flow rate, and efficiency were implemented in the format of look-
up tables, which were provided by the manufacturer, ABB company.
The turbocharger speed and pressure ratio were predicted at each time-
step, and two other unknowns were taken from the look-up table [32].
The calculation started with isotropic enthalpy differences of compres-
sor and turbine, which were calculated by Eqs. (1) and (2). By finding
the proper thermodynamic efficiency extracted from the look-up table,
the enthalpy out of the compressor and turbine could be computed
respectively by Eqs. (3) and (4). The computation was repeated until
the predicted parameters reached an acceptable convergence.

𝛥ℎs = 𝑐P𝑇total,in(𝑃𝑅
𝛾−1
𝛾 − 1) (1)

𝛥ℎs = 𝑐P 𝑇total,in(1 − 𝑃𝑅(1−𝛾)∕𝛾 ) (2)

ℎout = ℎin +
𝛥ℎs
𝜂s

(3)

ℎout = ℎin − 𝛥ℎs𝜂s (4)

The Eqs. (5) and (6) calculated the turbocharger’s shaft speed and
power:

𝛥𝜔 =
𝛥𝑡(𝑇turbine − 𝑇compressor − 𝑇f riction)

𝐼
(5)

𝑃 = �̇�(ℎin − ℎout ) (6)

where subtext script in, out and s stands for inlet, outlet and isotropic,
respectively. The thermodynamic table of the fluid estimated the outlet
temperature accordingly. 𝑇total in the first equations was calculated
by Eq. (7):

𝑇total,in = 𝑇in +
𝑢2in
2𝑐P

(7)

where 𝑢in is inlet velocity.

2.3. Zone 3: Intercooler

The intercooler was cooled by seawater, and the inlet air tempera-
ture was available from the measured data of a long journey. Therefore,
a non-predictive approach was adopted for finding the boost tempera-
ture. The intercooler was assumed as multiple pipes with infinite heat
sink, and the outlet temperature was given as a function of boost
pressure in the look-up table. To calculate the amount of heat flux,
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Fig. 3. Propulsion system in test bench and simulation.

Fig. 4. Modeling zones including the engine, propeller and connecting shaft.
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Fig. 5. Heave RAO in different wave conditions at design ship speed.

Fig. 6. Pitch RAO in different wave conditions at design ship speed.

Fig. 7. Surge velocity RAO in different wave conditions at design ship speed.

the Colburn analogy [33] was used, which permits the prediction of an

unknown heat transfer coefficient when one of the other coefficients is

known, by:

ℎg = (1
2
)𝐶f𝜌𝑈eff𝐶P𝑃𝑟

( −23 ) (8)

Fig. 8. Open Water Diagram computed by ESPPRO for the design propeller pitch.

Fig. 9. The implemented blocks connected in MATLAB-SIMULINK with a time step 0.1
s.

and, heat flux is calculated by:

𝑞convection = ℎg(𝑇gas − 𝑇wall) (9)

More information is presented in [34].

2.4. Zone 4: Intake and exhaust system

The dimensions of intake and exhaust volume were implemented
correctly, as reported in the design drawings. Developing the equation
of Navier–Stokes in thermodynamic modeling and implementing in the
discretized volume predict the fluid flow across the pipes and provides
a correct input to the turbocharger. The input plays a significant role in
predicting turbocharger response [35]. Hence, conservation equations
of continuity, energy, and momentum presented in Eq. (10), (11) and
(12) were implemented for the pipes and manifolds with different
discretized length scales for the straight pipes and bends [36].
𝑑𝑚
𝑑𝑡

=
∑

𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑖𝑒𝑠
�̇� (10)
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𝑑𝑚𝑒
𝑑𝑡

= −𝜌𝑑𝑣
𝑑𝑡

+
∑

𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑖𝑒𝑠
(�̇�𝐻) − ℎ𝐴s(𝑇f luid − 𝑇wall) (11)

𝑑�̇�
𝑑𝑡

=
𝑑𝑝𝐴 +

∑

𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑖𝑒𝑠 (�̇�𝑢) − 4𝐶f
𝜌𝑢|𝑢|
2

𝑑𝑥𝐴
𝐷 −𝐾P(

1
2 𝑝𝑢|𝑢|)𝐴

𝑑𝑥
(12)

2.5. Zone 5: Intake and exhaust valves

The intake and exhaust valves’ capacities ultimately restricts the
total flow of the engine. Therefore, calculating the mass flow rate
passing through the valves was crucial for an accurate engine perfor-
mance estimate. A feasible approach was the one-dimensional isotropic
flow analysis for compressible flow over a flow restriction proposed by
Heywood [37]. With a pressure upstream and downstream of the valve,
the mass flow rate was determined by the pressure difference:

�̇� = 𝐴eff𝜌is𝑈is = 𝐶D𝐴R
𝑃u

√

𝑅𝑇u
.(
𝑃d
𝑃u

)1∕𝛾
√

[
2𝛾

𝛾 − 1
(1 − 𝑃r )

𝛾−1
𝛾 ] (13)

where 𝑢 is upstream and 𝑑 is the downstream stagnation point. Here, CD
was an experimentally determined discharge coefficient. For chocked
flow, the modified equation was applied [37].

2.6. Zone 6: Unburned mixture zones

A mixture of air and fuel with an excess air ratio setpoint of
1.8 was captured in a non-fixed control volume. The mixture was
assumed to be perfectly mixed. During the compression stroke, the
volume reduces, and the pressure and temperature of compressed mass
increases. The heated surfaces of the piston, cylinder head, and liner
from the previous cycle warmed the mixture up from IVC to almost the
next 100 crank angles. Afterward, it transferred conversely. The wall
temperature was assumed to be constant throughout the cycle, though
several thermal zones were imposed concerning the cylinder’s interior.
The maximum motoring pressure and temperature in rated load/speed
ended in approximately 85 bar and 850 K.

The exchange of thermal energy between gases and boundaries was
called ‘heat transfer’, which was classified into three main mechanisms
of conduction, convection, and radiation. Heat conduction and radia-
tion were calculated using Fourier’s law [38] and Stefan–Boltzmann’s
law [39], respectively. In order to model the in-cylinder heat con-
vection, h, Woschni [40] recommended modeling of this coefficient
using Eq. (14):

ℎc(Woschni) =
𝐾1 𝑃 .8 𝑊 0.8

𝐵0.2 𝑇𝐾2
(14)

where 𝐾1 and 𝐾2 are constant and W is average cylinder gas velocity
(m/s).

2.7. Zone 7: Burned zone

More sophisticated modeling was necessary for zone 7. The burned
zone involved heat transfer modeling and combustion modeling, emis-
sion modeling, and knock modeling.

2.7.1. Combustion
The information of cylinder geometry, spark plug timing, spark plug

location, and fuel type was available. The ‘EngCylCombSITurb’ [36] is
recommended for flame modeling if the information is available, and
calculates the combustion burning rate by a laminar (𝑆L) and turbulent
(𝑆T) flame speed with a two-zone approach. It assumes that eddies are
entrained by the flame front at a turbulent velocity, while the mixture
of fuel and air is burning at laminar velocity. The rate of transference
of the mixture from the unburned zone to the burned zone was equal
to the rate of change of 𝑀b and was calculated by Eq. (15).
𝑑𝑀b
𝑑𝑡

=
𝑀e −𝑀b

𝜏
(15)

where index 𝑏 symbolizes burned classification, 𝑢 unburned classifica-
tion and e entrained classification. Me is the entrained fuel passing the
border of unburned-burned mixture and is calculable by Eq. (16).
𝑑𝑀e
𝑑𝑡

= 𝜌u𝐴e(𝑆T + 𝑆L) (16)

Time constant, 𝜏, is a function of Taylor length scale and laminar
flame speed:

𝜏 = 𝜆
𝑆L

(17)

Detailed equations of calculation of surface area at flame front (𝐴e),
turbulent flame speed (ST) and laminar flame speed (SL) are presented
in [41].

2.7.2. Emission
Natural gas engines produce four main emission compounds

throughout the combustion: NOX, UHC, CO2, and CO [42]. Due to
the complexity of solving hundreds of reactions of species, emission
modeling is essential.

2.7.2.1. NOx formation. NOX was calculated using the reduced mech-
anism described by Zeldovich [43]:

O + N2 = NO + N (18)

N + O2 = NO + O2 (19)

N + OH = NO + H (20)

where Eqs. (18) and (19) are thermal NOX formation and Eq. (20) is
particular at near-stoichiometric conditions and in fuel-rich mixtures.

2.7.2.2. Unburned hydrocarbon formation. The word hydrocarbon
refers to any compound consisting of carbon and hydrogen. Incor-
porating of any other atoms disqualifies from being considered as a
hydrocarbon [44]. This work has not considered the chemical mecha-
nism and formation of a chain of hydrocarbon in molecular structure.
Therefore, any fuel left unburned after post-oxidation at the exhaust
valve opening (EVO) is considered as unburned hydrocarbon emission
or methane slip. In typical steady-state conditions in the loads close to
the nominal loading, almost 80% of the whole methane slip originates
from the crevice volume, 15% forms due to quenched flame, and less
than 5% from gas exchange process [45]. The percentages change when
the load varies during the unsteady state, but the two primary sources
are still quenched flame and mass of the crevice volume. Thus, in this
study, to estimate the total amount of unburned hydrocarbon, the fuel
re-entered from the crevice volume during the main combustion burns
by the main reaction rate. The rest of the re-entered mass mixes with
the fuel, which is quenched, and the new mixture burns by a new
reaction rate of Eq. (21) introduced by Lavoie [46] during the post-
oxidation, between the main combustion and EVO. The unburned fuel
after the post-oxidation is presented as methane slip.
𝑑(𝐻𝐶)

𝑑𝑡
= −6.7 × 1015 𝑒

−37230
𝑅𝑇 𝑓[HC] 𝑓[O2] (

𝑃
𝑅𝑇

)2 (21)

where f[HC] and f[O2] are the mass fraction of fuel and O2.
To improve the computational performance in this study, the equa-

tion was modified to:

𝑅K = 𝐴 × 2000 × 𝑅S 𝑒
−1600𝐾×𝐵

𝑇 [𝑓HC] [𝑓O2
] (22)

where A and B are multiplier and are constant throughout the load
variation, and T is the mass-averaged overall temperature, and RS is
the burn rate calculated by the combustion model.

2.7.2.3. CO And CO2. Natural gas has a high H/C ratio compared with
diesel fuel. As a result, natural gas engines produce less CO2, and even
up to 20% less than similar gasoline engines [42]. Furthermore, in
very lean combustion, a very low level of carbon monoxide (CO) is
achievable [47]. Thus, the variation of these two compounds is not
presented, except the CO2 graph for the modeling validation.
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Fig. 10. Validation of the combustion modeling and emission formation with constant
loads in the steady state.

2.7.3. Knock
There are several methods of modeling and predicting the knock

phenomenon. There is also the possibility of directly or indirectly
detecting knock by, for example, studying inside cylinder parameters or
engine block vibration [48]. The measured data for verification of the
knock model does not exist, and this work only used the non-validated
modeling method recommended by Gamma Technologies for natural
gas engines [34]. This method has a dependence on the air–fuel ratio

Fig. 11. A time-varying torque adapted from the engine operating loads.

and EGR on the induction time. The knock index is defined by:

𝐾I = 10000.𝑀.𝑢(𝛼).
𝑉TDC
𝑉 (𝛼)

exp(−6000
𝑇 (𝛼)

)×

𝑚𝑎𝑥[0, 1 − (1 − 𝜙(𝛼))2].𝐼index
(23)

where M is a multiplier and can be found during the validation step.
For this study, we used M=1, and Iindex was calculated by Eq. (24):

𝐼index = ∫
1
𝜏
𝑑𝑡 (24)

and 𝜏 is defined by Eq. (25):

𝜏 = 𝑀1∗1.9858−

[

10−9 exp ( 18659
𝑀2𝑇

)(𝑀𝑁
100

)0.978×

(𝐹𝑢𝑒𝑙−0.578)(𝑂−0.28
2 )(𝐷𝑖𝑙𝑢𝑒𝑛𝑡0.03)

] (25)

where MN is the fuel methane number, M1 and M2 are equalized to 1,
and diluent concentration is the sum of concentrations of N2, CO2, and
H2O.

2.8. Zone 8: Power transmission

The power transmission model includes the flywheel, crankshaft,
main shaft, and gearbox to transmit the power to/from the engine.
All the inertia were assumed to be rigid. The inertia concerning water
resistance and the propeller were added to this model as well. The
entire propulsion shaft was modeled as single and rigid, and the brake
torque Tb was calculated by:

𝑇b(𝑡) = 𝑇s(𝑡) − 𝐼.�̇�ct (𝑡) (26)

where, �̇�ct(t) is the instantaneous crank-train acceleration. The shaft
torque, Ts, is also calculated by:

𝑇s(𝑡) = 𝑇cp(𝑡) + 𝑇a(𝑡) − 𝑇f (𝑐𝑦𝑐) (27)

where Ta(t) is the instantaneous torque of any other attachment and
equal to 0 in the present work. Tcp(t), is the crankpin torque and was
calculated by a function of force on the crank in the x- and 𝑦-direction.

2.9. Zone 9: Propeller and vessel modeling

A controllable-pitch propeller was used for the current investiga-
tion. The blade pitch was modified to maintain the average ship speed
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in waves equal to its design value if the engine could not continuously
produce the required power.

Model experiments by SINTEF Ocean provided the propeller’s nomi-
nal wake distribution at the design ship speed, and the thrust deduction
factor, wake fraction, and model resistance as a function of the ship
velocity in calm water.

Only wind, wave, and added resistance were taken into account.
The added wave resistance was computed in irregular waves, even
though regular waves were considered. The DTU in-house method
described by Martinsen [49] was used to compute the added resistance
in regular waves. The approach explained in ITTC [50] was used to
calculate the added resistance in irregular waves, which had significant
peak frequencies and wave heights equal to the wave frequencies and
heights of the studied regular waves. The added wind resistance was
computed using the procedure explained by ITTC [50], and the calm
water resistance was converted from model to full-scale according to
ITTC [51].

The pitch and heave transfer functions were computed using the
procedure developed by Jensen et al. [52], while the surge velocity was
computed following the method described by Honkanen [53]. Heave,
pitch, and surge velocity RAOs are shown respectively in Figs. 5–6–7.

The scaling procedure developed by Sasajima et al. [54] was used
to calculate the wakefield on a full scale. The entire wake distribution
was contracted to avoid time-consuming calculations. The method de-
scribed by Taskar [55] was used to obtain the time-varying wakefields
in waves.

The primary tool used for the propeller analysis was the DTU-
developed unsteady low-order boundary-element method ESPPRO
[56], which was based on potential flow theory, where the flow is
assumed to be inviscid, incompressible, and irrotational.

Fig. 8 shows the comparison between the experimental open water
curves and the open water characteristic computed by ESPPRO. The
quasi-steady approach described by Saettone et al. [57] was used for
the propeller analysis.

The quasi-dynamic approach described by Minsaas et al. [58] was
used to determine the reduction of thrust and torque caused by the pro-
peller emergence. More discussion of the models is presented in [59].

2.10. Zone 10: Controlling system

In this methodology, the propeller supplied the torque, and the
speed was computed inside the engine block, according to the
schematic presented in Figs. 3(b), and 4, PID block named fuel quantity.
The PID controller installed on the fuel valve adapted the engine speed,
calculated the speed deviation compared with the setpoint in each time-
step, and regulated the fuel valve lift and duration to inject a correct
fuel quantity. The speed of the PID system affects engine response and
stability. Moreover, to fix the excess ratio, additional PID (air quantity)
was installed. This controller identified the fuel volume and actuated
the turbine’s VGT to provide the proper amount of air.

2.11. Zone 11: Fuel system

The fuel, natural gas, was injected into the air — just upstream of
the intake valves. The fuel tank’s exit to the entrance of the intake port
was defined as the fuel system. To simulate the fuel delivery system’s
dynamics, all fundamental components of this system, including the
fuel tank, orifices, fuel lines, and fuel valves, were assembled. For
simplicity, the fuel tank was assumed to be a constant pressure after
the pump. The lines, orifices, and valves followed the conservation
equations of fluid flow presented in Section 2.4.

Table 1
Engine specification.

Item Unit Amount

Number of cylinders – 9
Cylinder bore mm 350
Cylinder stroke mm 400
Connecting rod mm 810
Maximum power kW 3940
Rated speed rpm 750
Fuel type – Natural gas

Table 2
Ship main specification.

Length between perpendiculars 117.6 m
Breadth 20.8 m
Design draft 5.5 m
Design shaft submergence 3.3 m
Service speed 15 kts

Table 3
Periodic waves characteristics.

Length (𝜆∕𝐿𝑃𝑃 ) Amplitude (m) Direction (𝜃)

.6 .5 0

.8 1 60
1 1.5 120
1.2 2 180

3. Simulation setup and validation

3.1. Simulation setup

A simulation of a B 35:40L9PG marine gas engine fitted on a cargo
ship called Kvitbjørn was performed. The lean-burn gas engine ignites
by a spark plug and operates at an excess air ratio of 1.8. In order
to achieve stable combustion with this lean mixture, a pre-chamber
was connected to the main chamber. In the simulation platform, we
replaced a larger initial spark size by the spark plug. The specification
of the engine and the vessel are presented in Tables 1 and 2.

The thermodynamic equations of the engine were implemented
in GT-SUITE and compiled for the MATLAB-SIMULINK platform. The
compiled file was connected with the developed propeller model, as
shown in Fig. 9. The communication time-step was 0.1 s.

To estimate the engine response and to examine the engine’s per-
formance and emission as the prime mover of the propulsion system,
64 regular waves were imposed with a combination of four-wave
amplitude, four-wave direction, and four wavelengths as shown in
Table 3.

3.2. Validation

In order to verify the accuracy of the model, a comparison of the
measured data and simulation output was performed. This verification
is done both in steady-state and transient conditions. Fig. 10 show a
slight disagreement in the output of the simulation and the measured
data for the steady-state conditions. The engine rotational speed was
assumed to be constant at around 750 rpm, and successive increases in
the load from 25% to 100% of the nominal load were established. Brake
specific fuel consumption in Fig. 10(a) stands for engine performance
characteristics and verifies the combustion modeling, and unburned
hydrocarbon in Fig. 10(b) together with CO2 formation in Fig. 10(c)
stands for emission characteristics and verify emission modeling. The
quantities in 100% load at 750 rpm were used for normalizing the
values.

As far as the transient condition was concerned, to increase the
model’s reliability, a time-varying torque was applied, as shown in
Fig. 11. Fig. 12 shows the resemblance of the simulation output and
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Fig. 12. A comparison of the vessel logged data and modeling output during a transient condition. The modeling’s validity is started after 60 s of the simulation with a maximum
load to reach the numerical stability.

measured data. The output shows that the data obtained by the sim-
ulation is broadly consistent with the major trends of the measured
data. Load variation was started at the second 60, to disregard the
primary numerical error. As can be seen, the simulation speed hardly
fluctuates around 750 rpm, similar to the measured data. Power as a
function of torque and speed also provided an acceptable output. The
fuel flow graph revealed a satisfactory fuel consumption tendency by
the modeling, even though there was a gap between the simulation
and measured data. Turbocharger modeling also presented the same
preciseness, as shown in the last sub-figure, with the boost pressure
data. Thereby, the turbocharger map and thermodynamic equations
were executed correctly since the rate of change of boost pressure in
simulation is almost identical with the measured values.

4. Results and discussion

In order to assess the response of the natural gas engine in marine
applications, all the 64 waves were evaluated in terms of combustion,
efficiency, and emission. Fig. 13 shows a decline in the mean brake
torque when the wave amplitude increases. The distribution of mean
torque with A=0.5 is very smooth in all wavelengths and directions.
This mean value was computed after using a low-pass filter to eliminate
sharp transition effects. For higher amplitude, this figure explains that
the amplitude plays a crucial role in the variation of the torque.
Regarding the vertical axis, wave directions between 50◦ and around
100◦ had the most significant influence and, taking the wavelength

into account, 𝜆∕𝐿𝑃𝑃 higher than 1 delivered the least mean torque.
Less mean torque in these contours means more variation in the torque
domain.

A key area of interest for the simulation is finding the engine’s speed
variation with multiple separated wave frequencies and strengths. The
distribution of the average speed is represented in Fig. 14, where the
values are hardly distinguishable from the target speed (except for A
= 1.5 and A = 2) and where the average speed may decline to 745.
Two main reasons can be found for such stability of engine speed.
The first reason is the importance of the shaft inertia in controlling
sudden variation of the speed. The second reason is the wave frequency,
peculiarly when the frequency is high. During the higher frequencies,
the input torque varies in a shorter period, and consequently, each
wave compensates a fraction of the speed drop in the lower loads of
the wave domain.

The in-cylinder pressure parameter distribution was used for the
evaluation of combustion assurance. Fig. 15 presents the maximum
engine pressure during the load variation. The range of in-cylinder
pressure always changes between a minimum of 90 bar and a maximum
of 120 bar. Referring to the steady-state pressure with an almost 106
bar, and a maximum designed pressure 180 bar, the range of change
displays an acceptable condition.

As emphasized earlier, the use of natural gas engines for marine
transport may result in a substantial drop in emission compounds, but
they are also sensitive to the combustion quality. Any deviation from
the optimum setpoint can result in a misfire or knock phenomenon.
This is presented in Fig. 16, 17 and 18. Fig. 16 shows that there is
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Fig. 13. Mean brake torque contour.

Fig. 14. Mean engine speed contour.

no knock on engine combustion until the wave amplitude is less than
1 meter, and change of frequency, wavelength, and wave direction
does not lead to knocking. With A = 1.5, a slight potential of knock
appears, particularly with a wave direction of 120 and 𝜆∕𝐿𝑃𝑃 = 1.2.
With A = 2, the knock index’s output lies in the higher 𝜆∕𝐿𝑃𝑃 and
intermediate wave direction. The next two figures describe almost the
same procedures as well. It must be highlighted that the two figures
maximum quantity has been limited to 3 and 10 for the sake of
presenting infinite values in the contours. Therefore, any value higher
than 3 for NOX in Fig. 17 and 10 for UHC in Fig. 18 corresponds to 3
and 10, respectively. Besides, NOX and UHC quantities in the steady-
state are considered as normalizing coefficients. A comparison between
Figs. 17 and 18 verifies that the lean-burn gas engine sensation is very
high to the UHC formation. However, the range of contour is wider in
Fig. 18, with A = 1.5, we have a wider spectral color of UHC rather
than NOX. The value of UHC even furthered with A = 2 in both the
value and the domain. These two contours provide the significance of
the higher waves on emission formation, but there is still a larger value

Fig. 15. Mean maximum pressure contour.

Fig. 16. Knock index contour.

Table 4
Sample waves for visualization.

Case no. Amplitude (m) Wave length (𝜆∕𝐿𝑃𝑃 ) Direction (𝜃)

1 0.5 .6 180
2 1.0 0.8 0
3 1.5 1 60
4 2.0 1.2 120

for emission formation when the wave amplitude is low. For instance,
with A = 1.0 m, NOX and UHC show a number between 1 and 2 for
several waves. The values mean that even with light waves, there is a
probability of a rise in the emission amount up to 100%.

Since we have utilized standard waves, all of the simulation output
is periodic with a function of wave frequency. For clarity, in the next
section, four waves with the highest disparity are presented and dis-
cussed. This illustration aims to show the magnitude of the effect of the
waves on engine performance. The waves specification are presented in
Table 4.
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Fig. 17. Mean normalized NOX contour.

Fig. 18. Mean normalized UHC contour.

Fig. 19 shows the variations in torque from about 0 Nm to over
45000 Nm. Wave no. 1 did not significantly influence the input engine
torque, and the variation only fluctuated between 35 000 to 38 000 Nm
— an area very close to the demanded load. Wave no. 2 provided a
higher and lower torque than Wave no. 1, but the wave frequency was
almost one-sixth. The importance of the frequency can be seen when
the engine attempts to compensate for the deviations. For wave no. 3,
the input torque dropped suddenly to around 15 000 Nm and reached
a maximum of 41 000 Nm. This abrupt reduction indicates that the
propeller was partly above the water’s surface. Fig. 20 shows 𝛽, which is
the input of the modeling as an indicator of the position of the propeller
inside the water. Any number less than 1 means incomplete immersion
of the propeller in the water. The quantity of 𝛽 for the wave no. 4
reached 0, which implies the propeller was entirely out of the water.
Thus, the input shaft torque reached 0 Nm for part of the time in each
wave.

Fig. 19. Instantaneous torque variation of four separate waves with the maximum
difference.

Fig. 20. Beta variation. An index of showing how immerse is the propeller.

Fig. 21. Engine speed variation around the setpoint with an acceptable stability.
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Fig. 22. The rate of natural gas fuel mixed with the intake air to keep the engine
speed stable.

Fig. 23. Normalized BSFC with a sharp rise during load reduction.

Fig. 24. Combustion efficiency variation and sudden reduction with the load decline.

Fig. 25. Air–fuel ratio variation during transient condition with a lot of fluctuation
with wave no.4.

Fig. 26. Surge margin.

Fig. 27. Normalized UHC.
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Fig. 28. Normalized NOx.

Fig. 21 shows that due to the rapid response of the control system
and high inertia of the shaft, the engine speed is highly stable with
the load variation. After the react of the engine control system, as can
be seen in Fig. 22, the fuel flow was significantly reduced in a short
time. The fuel flow drop regulated the engine speed immediately and
limited the over-speed state. Fig. 22 shows that the volume of fuel
flow never reaches 0 to keep the engine running. Besides, the control
system’s resistance against sudden change contributes to achieving a
stable engine in harsh working conditions.

Fig. 23 shows a gradual rise in the fuel consumption unit. During
harsh conditions, the increased brake fuel consumption corroborates
these earlier findings, where the fuel continued to release into the com-
bustion chamber to prevent a shutdown. This increase in BSFC could
also be attributed to combustion efficiency. The decline in the input
load resulted in unstable combustion in the combustion chamber, as can
be seen in Fig. 24. In the normal working area, combustion efficiency
fluctuated around 95%, which is also proved by Heywood [37]. Load
variation resulted in unstable combustion as well, which both increased
and decreased efficiency. The slight increment of combustion efficiency
appears during higher torque, with an almost flat curve. Moreover,
the combustion efficiency dropped during the lower load and met a
complete misfiring in wave no. 4. Comparing the two results of Figs. 24
and 19, it can be seen that the constant duration with a quantity of 0
is not equal. A good explanation of this phenomenon can be found in
Fig. 25, where the air–fuel ratio during stable conditions is 31. This
lean combustion helped to reach the minimum emission and maximum
achievable combustion efficiency, while the burned mixture’s pressure
and the temperature never reached a critical point. This feature, how-
ever, showed a negative impact during the transient condition. With
any sudden change of load, the air–fuel ratio moved away from the
optimum border and, a very lean mixture was already in the main
chamber. Since there was no connection between the diluted mixture
and ignition timing, the spark plug worked based on the previous
timing. The initial flame did not provide a stable propagated flame and
resulted in misfiring in the worst cases. However, this high volume of
air–fuel ratio was not delivered consistently by the turbocharger, and
lots of variation around the setpoint between 32 and 36 could occur in
each load cycle. For waves no. 1, 2 and, 3, the turbocharger delivered
the required air with the least variation. By referring to Fig. 26, for
the three first waves, we can see that the turbocharger operated in
a safe area with surge margin always more than 0.1. However, for
wave no. 4, the surge margin turned negative, meaning that the surge
possibility was high. Surge margin shifting in the modeling was highly
dependent on the amount of shaft inertia as well. Higher inertia may

have contributed to slowing response to any change, but it also made
it stiffer in transient conditions. The graph shows that the engine
will never encounter a working region outside the map — except in
severe circumstances. It is worthwhile noting that the surge margin was
calculated by Eq. (28):

𝑆𝑢𝑟𝑔𝑒 𝑚𝑎𝑟𝑔𝑖𝑛f raction =
�̇� − �̇�Surge line

�̇�Surge line
(28)

The importance of the sea waves on the mass of emission com-
pounds is depicted in Figs. 27 and 28. The amount of unburned
hydrocarbon from gas-powered ships during steady-state conditions in
a well-designed chamber could be around 1 to 2% of fuel consumption.
By looking at Fig. 27, we can see that the same proportion applied to
the wave no. 1, even though the oscillation of UHC was not negligible.
A wider range of variations also occurred for the wave no. 2, with a
maximum of more than double the stable output. For waves no. 3 and
4, most of the fuel injected into the atmosphere without combusting
and, the average quantity of UHC shows an almost 30 times increment.
NOX showed the same pattern for UHC, but contrasted during the time.
However, wave no. 3 still had a normal quantity during the time,
and wave no. 4 showed two peaks: a maximum value of 15 and a
maximum of infinity. The limited value equal to 15 initiated of the
burned mixture’s temperature due to rich combustion when the air–fuel
ratio became around 28 during the higher load. There was no specific
definition for the second peak; however, it is assumed to originate from
a numerical error during the communication steps.

In order to clarify the effect of sea waves on engine performance
characteristics, the engine response with the highest load variation is
displayed in Fig. 29. wave no. 4 was chosen, and a multiple-graph
shows the wave torque at the top of the plot, and the engine speed,
normalized BSFC, surge margin, air–fuel ratio, and combustion effi-
ciency are presented from top to bottom, respectively. As can be seen,
there was a direct correlation between load oscillation and engine
performance uncertainty, except the engine speed. Moreover, it can be
found that the influential primary part of the waves is the lower section
of the waves when the load reduces. Although the higher loads may
cause additional fuel consumption and NOX, the lean-burn gas engines
are highly affected by extra air than the setpoint value, and the extra
air is only available during the load decrease.

5. Conclusion

This study discussed a validated ship propulsion simulation model,
which stems from the need to know the natural gas engine’s behavior
under transient marine conditions — especially under severe loads. The
engine’s thermodynamic equations, proportional-integration method
for the controller, and boundary-element method for the controllable
pitch propeller behind ship conditions were all implemented. The mea-
sured data verified the engine model during steady-state and transient
conditions. There was a good agreement between the simulated and
measured data, which proves the model’s accuracy above predicting
new imposed waves. Several wavelengths, wave amplitudes, and wave
directions were simulated to investigate the marine engine’s perfor-
mance and emission throughout the regular waves’ full cycles. The
results reported in this paper show that:

1. The input wave’s configuration played a crucial role in the gas
engine response, and, as a result, fuel consumption, combustion
efficiency, and emission compounds are all influenced by sea
waves compared with steady-state.

2. The system appropriately controlled the engine’s speed, and the
deviation from the desired setpoint was always on a minimum.

3. High probability of knock phenomenon and the high possibility
of a surge of the turbocharger was determined during harsh
conditions.
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Fig. 29. Engine performance characteristic during highest torque variation.

4. The combustion efficiency’s reduction highlights that a consid-
erable amount of unburned hydrocarbon emission discharges
into the atmosphere due to misfire in many cycles of the severe
waves.

5. The use of natural gas for ship propulsion may offer a lower
emission option than traditional fossil fuels in stationary com-
bustion, but in sizeable oscillating sea waves, lean-burn gas
engine stability and emission is debatable.

For improving the combustion stability in transient marine condi-
tions, two practical methodologies are available:

1. Utilizing the current technologies such as hybrid propulsion
systems of combining the engine to the batteries, fuel cell, and
even renewable energy sources for smoothing out the fluctuation
of the load and optimizing the propulsion efficiency for the
vessel with flexible power demand.

2. Developing the available controlling systems to provide the op-
timum excess air ratio and prevent any misfiring.

Both methods have their pros and cons. A hybrid system usually
costs more and requires a redesigning of the arrangement of the op-
erating vessels. Developing the available controlling systems is less
expensive and more straightforward, but the rapid response controller’s
application needs a comprehensive examination.
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Abstract

The estimation of the thrust deduction fraction is generally conducted in ideal weather conditions. However, the presence of waves considerably
alters the magnitude of this propulsive coefficient. The increased load of the propeller could be the main cause for the variation of the thrust
deduction fraction in realistic operating conditions. Studying the impact of the propeller loading on the thrust deduction fraction is one crucial
step towards the correct prediction of the propulsion power necessary to sail a ship in waves. In this work, load-varying self-propulsion model-scale
numerical simulations in calm water conditions for the same ship speed are performed to investigate the influence of the propeller loading on the
thrust deduction fraction. The commercial SHIPFLOW package version 6.5.09 is used as the numerical tool. Verification and validation process is
conducted. The single screw model-scale KVLCC2 tanker is selected as the case study. The results reveal a non-linear inverse correlation between
the thrust deduction fraction and the propeller loading. A comparison with model-testing conducted on the KVLCC2 tanker in regular head waves
suggests that the propeller loading is the main factor influencing the magnitude of the thrust deduction fraction in waves for the considered case
vessel. The validation and verification process confirms the suitability of SHIPFLOW in the prediction of the propeller-hull interaction.

Keywords: thrust deduction in waves, propulsion in waves, SHIPFLOW, validation, verification, LSR method, EASM

Nomenclature

Acronyms
EEDI Energy Efficiency Design Index
LS R Least Squares Root
POW Propeller open water
RANS Reynolds-averaged Navier-Stokes
RE Richardson Extrapolation
BSL Baseline
EASM Explicit Algebraic Stress Model
GHG Greenhouse gas
PCC Pearson correlation coefficient
SST Shear Stress Transport

Greek Symbols
α Constant value
δRE RE discretization error
εRE LS R discretization error
η0 Open-water propeller efficiency
λ Wavelength
ζA Wave height

Roman Symbols
AE Expanded propeller area
AO Propeller disk area
CT Total resistance coefficient
D Benchmark data
DP Propeller diameter
E Validation comparison error
FP Tow force
GPOW i i-th grid for POW
GRTi

i-th grid for RT

GRVi
i-th grid for RV

GRWi
i-th grid for RW

GRXPIi
i-th grid for RXPI

Gsel f i i-th grid for t
hi Step size (grid spacing) of the i-th grid
J Advance ratio
JD Design advance ratio
KQ Torque coefficient
KT Thrust coefficient
LPP Length between perpendiculars
ng Number of grids
N◦B Number of hull-body panels
N◦POW Number of cells for POW
N◦V Number or cells for RV

N◦W Number of panels for the free surface
P Propeller pitch
p Observed order of accuracy
rA Actual refinement ratio
RT Total resistance
rT Target refinement ratio
RV Viscous resistance
RW Wave-making resistance
RXPI Double-body integrated pressure error
S Simulation value
S 0 Extrapolated solution to zero step size
T Propeller thrust
t Thrust deduction fraction
UD Uncertainties in the benchmark data
Uinput Uncertainties in the input parameters
US D Standard deviation of the δRE curve fit
U02

S D Standard deviation of the δ02
RE curve fit

U12
S D Standard deviation of the δ12

RE curve fit
US N Uncertainty in the simulation
Uval Validation uncertainty
y+ Dimensionless wall distance
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1. Introduction

The maritime industry plays a major role in the development of the
global economy and the international market. Nowadays, around 80
per cent of the global merchandise trade in terms of volume is
transported by sea and handled by ports worldwide [1]. However, sea
transportation is responsible for 3.5 per cent to 4 per cent of all
climate change emissions [2]. In 2012, the total shipping emissions
were estimated at approximately 961 million tonnes of CO2e for
greenhouse gases (GHGs) and 938 million tonnes of CO2 [3].
Depending on the future financial developments and evolution of the
energy industry, the CO2 emissions produced by the maritime
industry are estimated to grow by 50 per cent to 250 per cent before
2050 [4].

International and national organizations established numerous
countermeasures to reduce the negative impact caused by marine
emissions. A well-known example is the Energy Efficiency Design
Index (EEDI). The EEDI was brought into effect by the International
Maritime Organization at the 62nd Meeting of the Marine
Environment Protection Committee (MEPC 62). The index aims at
reducing the global carbon dioxide emissions of shipping operations.
The EEDI formulation can be interpreted as the ratio between the
CO2 production potential of the vessel (which is proportional to the
power of the main engine) and its transport work. The lower the main
installed engine power, the lower the EEDI index, and the better the
environmental performance of the ship. The installed power of the
main engine depends on contracted ship speed. The fulfilment of the
contract relies on specified requirements, which are traditionally
represented by nearly ideal weather conditions. Actual environmental
effects are taken care of by adding a powering margin (known as sea
margin) to the estimation of the speed-power relationship for a newly
built vessel. The sea margin is calculated based on either experience
or statistical analysis. Consequently, the propulsion system of a ship
is optimized for working conditions it may rarely experience, and the
EEDI is affected by the calculation of the sea margin.

The accurate estimation of the propulsive coefficients in waves is a
necessary requisite for the evaluation of the main engine power and
ship performance in realistic operating conditions [5]. However, the
propulsive coefficients are generally estimated in ideal weather
conditions. Additionally, the variation of the propulsive coefficients
caused by the wave action is not clearly understood yet. Specifically,
open literature provides minimal information on how the presence of
the wave influences the thrust deduction fraction. Three
representative examples are the works carried out by Nakamura and
Naito [6], Lee et al. [7], and Seo et al. [8]. A general decrease in the
thrust deduction compared to the calm water conditon was reported.
However, it is not known if the main reason for the reduction of this
propulsive coefficient can be attributed to either the propeller loading
or the ship motions or both. According to Faltinsen [9], overload
self-propulsion tests in calm water conditions could be adequate to
estimate the effect of waves on the thrust deduction fraction with
sufficient accuracy. Therefore, investigating the influence of the
propeller loading on the thrust deduction fraction is one essential step
towards the correct prediction of the propulsion power necessary to
sail a ship in waves.

The thrust deduction fraction can be calculated by either
performing model tests, running numerical computations, or applying
empirical formulas. The lattermost provide a quick approximate
estimation of the thrust deduction fraction, e.g. Holtrop and
Mennen [10] and Harvald [11]. Model-scale testing is the most
common method to study the influence of the propeller on the hull.
However, model-scale experiments are expensive, time-consuming,

and challenging to set up. Numerical computations are a valid
alternative, at least in the early phases of the ship propulsion design
process, e.g. De Luca et al. [12] and Kinaci et al. [13].

The objective of this work is to investigate the influence of the
propeller loading on the thrust deduction fraction. This is achieved by
performing load-varying self-propulsion model-scale numerical
simulations in calm water conditions for the same ship speed. The
determined thrust deduction coefficient is considered to be unaffected
by Reynolds-number effects. The commercial SHIPFLOW package
version 6.5.09 [14] is used as the numerical tool. Verification and
validation process for the total resistance, propeller open water
performance, and thrust deduction fraction is also conducted.

2. Case study

The publicly available model-scale hull of the single screw
KVLCC2 tanker with the MOERI’s corresponding propeller is
selected as the case study. For simplicity, the presence of the rudder is
neglected. The scale ratio is set equal to 58. Table 1 shows the details
of the considered operational condition for the KVLCC2 model. The
speed of the vessel is the same for all the performed simulations. The
main model data can be found in Table 2 and Table 3. Twenty-one
tow forces are selected for the load-varying self-propulsion
model-scale numerical simulations. The design tow force is
calculated according to ITTC [15], and it is equal to 9.98 N.

3. Computational set-up

The SHIPFLOW package consists of several flow solver modules
for predicting resistance and flow properties of ships.
SHIPFLOW-XPAN module is a non-linear three-dimensional
potential flow solver based on a surface singularity panel method.

Table 1
KVLCC2 model - Operational condition.

Characteristic Model

Design draft 0.359 m

Service speed 2.035 kts

Reynolds number 4.60e+06

Froude number 0.1423

Table 2
KVLCC2 vessel.

Length between perpendiculars 320.0 m

Breadth 58.0 m

Design draft 20.8 m

Service speed 15.5 kts

Table 3
KP458 propeller.

Diameter 9.86 m

Number of blades 4

AE/AO 0.431

(P/DP)Mean 0.69

2
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SHIPFLOW-XCHAP module is a viscous flow solver that tackles the
Reynolds-averaged Navier-Stokes (RANS) equations by using a finite
volume method on multi-block overlapping grids. Additional details
on SHIPFLOW-XPAN and SHIPFLOW-XCHAP can be found in
Larsson et al. [14]. An iterative viscous-potential coupling approach
addresses the hull-propeller interaction. The presence of the propeller
is included in the RANS solution by adding the propeller body forces
computed with a lifting line model. The influence of the hull is
introduced in the propeller analysis by transferring the total velocity
field from the RANS solver to the propeller model. Further details
regarding the viscous-potential coupling method implemented in
SHIPFLOW can be found in Broberg and Orych [16] and Saettone
et al. [17].

The wave-making resistance is computed with a transverse wave
cut method [18]. The ship is kept in a fixed position during the
computation (dynamic sinkage and trim are neglected). No symmetry
planes are included in the computation. The RANS equations are
applied to the entire computational domain (global approach). The
radius of the cylindrical outer boundary domain is equal to 3 LPP to
reduce the magnitude of the blockage effect. The distance between
the inflow grid face and the forward perpendicular is 0.8 LPP. The
outflow grid face is located at 0.8 LPP behind the aft perpendicular.
The boundary layer is resolved without introducing the wall function.
The target values for the dimensionless wall distance y+ are kept
below 0.4 as recommended by Korkmaz et al. [19].

3.1. Turbulence model
The Reynolds Stress tensor appearing in the RANS equations

needs to be modelled to close the system of equations (known as the
closure problem). There are different techniques to solve the closure
problem, such as two-equation models, algebraic stress models, and
Reynolds Stress models. These turbulence models vary in terms of
computational time, accuracy in turbulence modelling, and
complexity. The basis for all two-equation models is the Boussinesq
eddy viscosity assumption, which assumes that the Reynolds stress
tensor is proportional to the mean strain rate tensor. A turbulence
model applying the Boussinesq assumption is generated referred to as
“linear eddy viscosity model”. Linear eddy viscosity models might
fail to provide satisfactory predictions for complex three-dimensional
flows because of the Boussinesq assumption. The Explicit Algebraic
Stress Model (EASM) computes the components of the Reynolds
stress using algebraic equations with non-linear terms in conventional
strain-rate and rotation-rate. The EASM provides a better prediction
of the bilge vortex of the KVLCC2 tanker compared to linear eddy
viscosity models [20].

Three turbulence models are available in SHIPFLOW-XCHAP: the
EASM, the two-equation eddy-viscosity model k-omega BSL, and the
two-equation eddy-viscosity model k-omega SST. Based on the
previous considerations, the Explicit Algebraic Stress Model is
selected in the current work.

4. Verification

Verification is defined as a process for evaluating numerical
uncertainty and estimating the magnitude and sign of the numerical
error itself and the uncertainty in that error estimate [21]. The
primary source of numerical errors and uncertainties comes from grid
discretization, incomplete iterative convergence, and computer
round-off [22]. The purpose of the current verification is to determine
the numerical errors and uncertainties from the grid discretization for
the total resistance, propeller open water performance, and thrust

deduction fraction. The computer round-off error and the iterative
uncertainty are assumed to be negligible. The number of similar grids
for the verification process is set to four with a target uniform
refinement ratio rT equal to 4√2. This value provides a fairly large
parameter refinement ratio and enables prolongation of the
coarse-parameter solution as an initial guess for the fine-parameter
solution [21]. The coarsest grids (grids number four) represent the
starting point for the grid study with the target systematic refinement.
For integer grid refinement ratios, this procedure results in a set of
grids with a constant refinement ratio equal to the target value.
However, for non-integer grid refinement ratios, the non-integer grids
(grids number two, three, and four in the current verification process)
have to be rounded to the nearest integer [23]. This results in a
difference between the actual rA and target rT refinement ratio. In the
present study, the maximum relative difference between the actual
refinement ratio and the target refinement ratio is less than 1%.

The Least Squares Root (LSR) approach is applied as the
verification method. A thorough explanation of this approach can be
found in Eça et al. [24] and Eça et al. [25]. In the current paper, only
a concise description of the method is provided. The LSR approach is
based on the Richardson Extrapolation [26] and the Grid Convergence
Index [27]. The LSR discretization error εRE is estimated as follows:

εRE ≈ δRE = S i − S 0 = αhp
i (1)

where S i is the solution to the i-th grid, S 0 is the extrapolated solution
to zero step size, hi represents the step size of the i-th grid, α is a
constant, p is the observed order of accuracy, and δRE is the
discretization error in the Richardson Extrapolation. The unknowns
(S 0, α, p), are determined by minimizing the root-mean-square error
of the scatter among the numerical solutions:

f (S 0, α, p) =

√√ ng∑
i=1

(
S i −

(
S 0 + hp

i

))2

(2)

where ng is the available number of grids (ng ≥ 4). In the case of
monotonic convergence, the numerical uncertainty US N is computed
as follows:

0.95 6 p 6 2.05 : US N = 1.25δRE + US D (3)

p < 0.95 : US N = min(1.25δRE + US D, 3δ12
RE + U12

S D) (4)

p > 2.05 : US N = max(1.25δRE + US D, 3δ02
RE + U02

S D) (5)

where US D, U02
S D, and U12

S D are the standard deviations of the curve fit
for δRE , δ02

RE , δ12
RE .

4.1. Propeller open water performance - XCHAP
The design advance ratio JD behind ship conditions at the ship

propulsion point is estimated to be 0.399. The results published by
Kim et al. [28] and Molland et al. [29] are applied to determine JD.
The grid convergence study for the POW is conducted for three
advance ratios: 0.3, 0.4, and 0.5. The numerical uncertainty and
errors show a similar trend for all the considered advance ratios.
Thus, results are presented only for one representative case: J=0.4.
Table 4 shows the numerical uncertainty US Ni for the thrust
coefficient KT , torque coefficient KQ, and open-water efficiency η0 (in
percent of the numerical solutions KTi , KQi , and η0i ) and the number
of cells N◦POW for the grid convergence study. The achieved
uncertainty level is satisfactory for the current study.
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Figure 1: GRXPI1
- Detail 1. Figure 2: GRXPI1

- Detail 2.

Figure 3: Gsel f 1 - Detail 1. Figure 4: Gsel f 1 - Detail 2.

4.2. Wave-making resistance - XPAN
The double-body integrated pressure force in x-direction RXPI

needs to be much smaller than the wave-making resistance RW [14].
This is because RXPI should ideally be zero (d’Alembert’s paradox).
At the same time, the hull-body panel grid influences the magnitude
of RW . As a result, the computation of the wave-making resistance is
an iterative process. For brevity, only the converged results are
shown. Table 5 displays the number of hull-body panels N◦B and RXPIi

in percent of the numerical solution RW1 . Table 6 shows the number
of panels N◦W for the free surface and the numerical uncertainty US Ni

for the wave-making resistance RW (in percent of the numerical
solution RWi ). The designated grid GRXPI1 is used for the hull-body
panelization in the computation of RW . Details of grid GRXPI1

can be
seen in Figure 1 and Figure 2. Table 6 shows a high uncertainty
level in the computation of RW even though a very time-consuming
trial and error process is carried out. This result is considered
acceptable because the wave-making resistance represents a small
percentage of the total resistance for the investigated case.

4.3. Viscous Resistance - XCHAP
Table 7 displays the number of cells N◦V and y+ target values for

the grid convergence study and the numerical uncertainty US Ni for the
viscous resistance RV (in percent of the numerical solution RVi ). The
results of the verification process are in line with the similar study
conducted by Korkmaz et al. [30].

4.4. Total resistance - XPAN and XCHAP
The results of the wave-making resistance RW and viscous

resistance RV grid convergence studies (respectively see Section 4.2
and Section 4.3) are applied to compute the numerical errors and
uncertainties of the total resistance RT . Specifically, as displayed in
Equation 6, the total resistance is calculated as the sum of the
wave-making resistance and viscous resistance:

RT = RW + RV (6)

The dummy grids GRTi
indicate the combination of grids GRWi

and
GRVi

. Table 8 shows the numerical uncertainty US Ni for the total
resistance RT (in percent of the numerical solution RTi ). The outcome
of the grid dependence study indicates that it is possible to achieve
numerical uncertainties lower than 1% for the total resistance of the
KVLCC2 hull.

4.5. Thrust deduction fraction - XPAN and XCHAP
Self-propulsion simulations are carried out to compute the thrust

deduction fraction, as shown in Equation 7:

t =
T − (RT − FP)

T
=

∆R
T

(7)

The design external tow force, 9.98 N, is applied for the
self-propulsion simulations. The extrapolated solutions S 0 calculated
with the results of Section 4.4 and Section 4.1 are used for the total
resistance and the propeller open water performance. Table 9
displays the number of panels N◦W and cells N◦V , y+ target values, and
the numerical uncertainty US Ni for the thrust deduction fraction t (in

Table 4
Verification - POW - J=0.4.

Grid N◦
POW

%KT %KQ %η0

GPOW4 1.0e+05 5.77 4.24 1.57

GPOW3 1.6e+06 4.14 3.04 1.10

GPOW2 2.8e+06 2.98 2.18 0.79

GPOW1 4.6e+06 2.14 1.57 0.57

Table 5
Verification - RXPI .

Grid NB RW1%

GRXPI4
1.9e+04 10.97

GRXPI3
2.7e+04 5.42

GRXPI2
3.8e+04 1.78

GRXPI1
5.4e+04 0.13

Table 6
Verification - RW .

Grid NW NB RW1%

GRW4
8.2e+03 5.4e+04 11.77

GRW3
1.2e+04 5.4e+04 8.05

GRW2
1.6e+04 5.4e+04 5.55

GRW1
2.3e+04 5.4e+04 3.86

Table 7
Verification - RV .

Grid NV y+ RV%

GRV4
1.1e+06 0.35 1.85

GRV3
1.9e+06 0.30 1.32

GRV2
3.1e+06 0.25 0.94

GRV1
5.2e+06 0.21 0.66

Table 8
Verification - RT .

Grid RT%

GRT4
1.13

GRT3
0.81

GRT2
0.58

GRT1
0.42

Table 9
Verification - t.

Grid NW NV y+ t%

Gsel f 4 6.2e+04 9.3e+06 0.35 5.67

Gsel f 3 6.6e+04 1.5e+07 0.30 4.15

Gsel f 2 7.0e+04 2.4e+07 0.25 3.03

Gsel f 1 7.7e+04 3.8e+07 0.21 2.22
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percent of the numerical solution ti). Details of grid Gsel f 1 can be seen
in Figure 3 and Figure 4. It is not possible to reduce the numerical
uncertainties any further even though a very time-consuming trial and
error process is performed.

5. Validation

Validation is defined as a process for evaluating modeling
uncertainty by using benchmark experimental data and estimating the
magnitude and sign of the modeling error itself [21]. The validation
calculates the level of accuracy to which a numerical model describes
a real physical problem, in combination with a comparison with
experimental data [22]. The simplified version of the ASME
Verification & Validation 20-2009 Standard [31] presented by
Larsson et al. [22] is applied as the validation method. The
validation comparison error E =S −D (the difference between
simulation values and benchmark data) and the validation uncertainty
U2

val =U2
S N +U2

input +U2
D (the combination of uncertainties in the

benchmark data UD, uncertainties in the simulation US N , and
uncertainties in the input parameters Uinput) are estimated. Uinput is
assumed to be negligible (strong model concept). The modeling
needs to be improved if | E |�Uval. The modeling error falls within
the “noise level” of Uval caused by numerical and experimental data
uncertainties if | E |≤Uval.

5.1. Propeller open water performance
The experimental open water data provided by Moeri [32] is

utilized as benchmark data. The uncertainty in the experimental data
is assumed to be 1%. The POW estimated in the verification process
(see Section 4.1) is utilized to compute the validation comparison
error E and the validation uncertainty Uval as a percent of the
benchmark data for each grid. The outcomes of the validation process
show a similar trend for all the considered advance ratios. Thus,
results are presented only for one representative case: J=0.4 (see
Table 10). GPOW0 represents the dummy grid for the extrapolated
solution. For all the cases, the validation comparison error is smaller
than the validation uncertainty. Consequently, the modelling error is

Table 10
Validation - POW - J=0.4.

Grid |E%KT | Uval%KT
|E%KQ | Uval%KQ

|E%η0 | Uvalη0

GPOW4 2.74 6.01 2.64 4.46 0.10 2.53

GPOW3 2.07 4.34 2.14 3.26 0.06 2.28

GPOW2 1.66 3.19 1.85 2.44 0.18 2.15

GPOW1 1.52 2.39 1.75 1.89 0.22 2.08

GPOW0 1.31 — 1.61 — 0.29 —

Table 11
Validation - CT .

Grid |E%CT | Uval%CT

GRT4
1.17 1.52

GRT3
1.07 1.29

GRT2
0.96 1.16

GRT1
0.94 1.09

GRT0
0.83 —

Table 12
Validation - t.

Grid |E%t | Uval%t

Gsel f 4 2.20 5.88

Gsel f 3 0.85 4.31

Gsel f 2 0.04 3.19

Gsel f 1 0.71 2.42

Gsel f 0 2.38 —

within the “noise level” imposed by the numerical and experimental
uncertainties.

5.2. Total resistance
The results of the resistance tests performed by Kim et al. [28] are

utilized as benchmark data. The experimental total resistance
coefficient CT is 4.11e−03. The uncertainty in the experimental data
is reported as 1%. The total resistance estimated in the verification
process (see Section 4.4) is utilized to compute the validation
comparison error E and the validation uncertainty Uval as a percent of
the benchmark data for each grid. Table 11 shows the results of the
validation process. GRT0

represents the dummy grid for the
extrapolated solution. For all the cases, the validation uncertainty is
larger than the validation comparison error. Therefore, the validation
is defined as being successful at the Uval level. Additionally, the
validation comparison error is lower than 1% for grid GRT2

, GRT1
, and

GRT0
.

5.3. Thrust deduction fraction
The results of the self-propulsion tests performed by Kim

et al. [28] are utilized as benchmark data. The experimental thrust
deduction fraction is 0.190. The uncertainty in the experimental data
is reported as 1%. The thrust deduction fractions estimated in the
verification process (see Section 4.5) are utilized to compute the
validation comparison error E and the validation uncertainty Uval as a
percent of the benchmark data for each grid (see Table 12). Gcoe f 0

represents the dummy grid for the extrapolated solution. Even though
the validation comparison error is 2.38% for grid Gcoe f 0 , the
validation comparison error is smaller than the validation uncertainty
in all the considered cases. In this case, further model improvements
are problematic, as explained by Coleman and Stern [33]. This
result is satisfactory for the current study.

6. Results

6.1. Grids
Based on the results of the verification and validation process, the

following grids are applied for the load-varying self-propulsion model-
scale simulations:

• Grid GRXPI1 and GRW1
are utilized for the wave-making resistance.

• Grid GRV1
is used for the viscous resistance.

• Grid GPOW1 is applied for the propeller open water performance.

• Grid Gsel f 1 is utilized for the self-propulsion simulations.

6.2. Load-varying self-propulsion model-scale simulations
Figure 5 illustrates the thrust deduction fraction t against the

propeller thrust T . The experimental value provided by Kim
et al. [28] is also included. The Pearson correlation coefficient (PCC)
between the thrust deduction fraction and the propeller loading is
equal to −0.991. This indicates a strong (but not-perfect) negative
linear correlation between t and T in the considered range of propeller
loading. The non-linear relationship between the loading of the
propeller and ∆R causes the Pearson correlation coefficient to be less
than 1.0. This concept is clarified by expressing the divisor of
Equation 7 as a function of T . A linear, quadratic, and cubic trend
lines are determined for the tow force FP by applying the
least-squares method [34]. For the sake of comparison, the y-intercept
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Figure 5: t as a function of T .

of the three trend lines is set equal to RTS 0
(extrapolated solution S 0

for the total resistance RT ) even though the resistance extrapolated at
zero propeller thrust is higher than the bare hull resistance.

• Linear: ˆFP1 = f1(T ) = a1 · T + RTS 0
.

• Quadratic: ˆFP2 = f2(T ) = a2 · T 2 + b2 · T + RTS 0
.

• Cubic: ˆFP3 = f3(T ) = a3 · T 3 + b3 · T 2 + c3 · T + RTS 0
.

Figure 6 shows the t values evaluated by substituting F̂Pi in
Equation 7. The thrust deduction fractions estimated by SHIPFLOW
are also included. In the case of the linear trend line for FP, the thrust
deduction fraction t̂1 = h( ˆFP1 ,T ) is a constant value. Similarly,
t̂2 = h( ˆFP2 ,T ) is linear, and t̂3 = h( ˆFP3 ,T ) is quadratic.

• FP1 ⇒ t̂1 = 0.1707.

• FP2 ⇒ t̂2 = −0.0025 · T + 0.214.

• FP3 ⇒ t̂3 = 0.00008 · T 2 −0.005 · T + 0.233.

Figure 6 shows a poor agreement between the thrust deduction
fraction computed with FP1 and the thrust deduction fraction
calculated by SHIPFLOW. On the other hand, a fair match can be
seen for the linear thrust deduction fraction t̂2. The quadratic thrust
deduction fraction t̂3 exhibits the best agreement with the values
computed by SHIPFLOW. This result explains the non-perfect linear
relationship between T and t. Nevertheless, the linear t̂2 can be
applied to predict the relationship between the thrust deduction
fraction and the propeller loading with sufficient accuracy in the range
of considered T .

On a different note, the inverse correlation between the thrust
deduction fraction and the propeller loading is related to the
magnitude of the first derivative of ∆R with respect to T . If ∂∆R/∂T
is larger than t, the thrust deduction fraction increases with the
increase of the propeller loading. This produces a positive
relationship between the thrust deduction fraction and the propeller
loading. If ∂∆R/∂T is smaller than t, the thrust deduction fraction
decreases with the increase of the propeller loading. This produces a
negative relationship between the thrust deduction fraction and the
loading of the propeller. In the current study, ∂∆R/∂T resulted to be
smaller than t in the range of considered T . Similar results were
reported by Lee et al. [7].
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Figure 6: t computed using different trend lines for FP.
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Figure 7: t as a function of J.

Figure 7 shows the thrust deduction fraction t against the advance
ratio J. The design value JD, estimated with the results published by
Kim et al. [28] and Molland et al. [29] is also added. The J values
range between 0.32 and 0.45. This confirms the correctness of the
choice of J in the validation and verification process carried out in
Section 4.1 and Section 5.1.

6.3. Comparison with model-scale experiments in waves

It is relevant to compare the results of the current study with the
thrust deduction fraction computed in calm water and in regular short
head waves for the KVLCC2 tanker by Lee et al. [7]. The length
between perpendiculars of the model was 6.491 m, and the
wavelength was 0.6 times LPP. The wave steepnesses were
ζA/λ = 0.007 and ζA/λ = 0.017. The results of the experiments were
extrapolated to full-scale according to the revised ITTC-78
method [35]. Figure 8 shows the thrust deduction fraction against the
propeller thrust for three ship velocities: 14.5, 15.0, and 15.5 kts. It is
possible to notice a similar trend for all the presented curves.
Additionally, the Pearson correlation coefficients between the thrust
deduction fraction and the propeller loading for the three curves range
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Figure 8: t computed by Lee et al. [7].

from −0.9885 to −0.9997. These values are in line with the results of
the computations performed by SHIPFLOW. This outcome reveals a
small influence of the ship motions on the thrust deduction fraction
for the considered case vessel.

7. Conclusions

Load-varying self-propulsion model-scale numerical simulations
in calm water conditions for the same ship speed were performed.
The results showed a non-linear inverse correlation between the thrust
deduction fraction and the propeller loading. However, in the
considered range of propeller loading, the linear trend line between T
and t showed a good agreement with the computed thrust deduction
fractions. Additionally, a comparison with the thrust deduction
determined in calm water and regular head waves by Lee et al. [7]
was carried out. The outcome suggested that the ship motions have a
small influence on the magnitude of the thrust deduction fraction in
waves.

The verification process illustrated high numerical uncertainties in
the wave-making resistance for the KVLCC2 tanker. The numerical
uncertainties for the propeller open water performance and the thrust
deduction fraction were acceptable for the current investigation
(around 2%). The numerical uncertainties for the viscous and total
resistance were below 1%. The validation process showed that
viscous-potential coupling approach implemented in SHIPFLOW is
suitable for the computation of the thrust deduction fraction.
Similarly, the total resistance and the propeller open water
performance revealed a good match with benchmark data.
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Experimental measurements of propulsive factors in following and head waves
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Abstract

The results from resistance measurements in calm water and load-varying self-propulsion tests in calm water and regular head and following
waves are presented. The experimental campaign is conducted in the large towing tank at SINTEF Ocean (formerly MARINTEK). The openly
accessible hull of the single screw Duisburg Test Case is selected as the test case. The wave added resistance, ship motions RAOs, axial wake
fraction, thrust deduction fraction, relative rotative efficiency, hull efficiency, propeller open-water efficiency, propeller efficiency behind ship, and
propulsive efficiency are determined.

Regarding the calculation of the thrust deduction fraction, the results of the experiments show the effect of utilizing the bare hull resistance
instead of the linear extrapolated ship resistance at zero propeller thrust. If the former is applied, the thrust deduction fraction will be dependent
on the load of the propeller. If the latter is utilized, the thrust deduction fraction will be independent of the propeller loading. As expected, the
wave added resistance is lower in following waves than in head waves. The heave and pitch motions are larger in head waves, whereas the surge
motion is higher in following waves. The effective wake fraction is affected by both the propeller loading and the ship motions. In the case of
the former, the higher the propeller loading, the lower the effective wake fraction. For the latter, a general decrease in effective wake fraction is
noticed in head waves compared to calm water. On the contrary, the velocity at the propeller plane is reduced in following waves in comparison
to calm water. The thrust deduction fraction computed with the extrapolated ship resistance is hardly affected by the ship motions. The variation
in propeller open-water efficiency is mainly related to the change in propeller loading. The relative rotative efficiency is barely affected by both
the propeller loading and the motions of the ship. Except in the case of very large wave amplitudes, the hull efficiency is hardly influenced by the
ship motions. The propulsive efficiency is primarily affected by the change in propeller open-water efficiency.

Based on the results of the experimental campaign, overload tests in calm water provide a good estimation of the propulsion efficiency in waves
for the selected case vessel.

Keywords: Propulsive Coefficients in Waves, Thrust Deduction in Waves, Wake Fraction in Waves, Self-Propulsion Experiments, Following
Waves.

1. Introduction

The Energy Efficiency Design Index (EEDI) was introduced by the
International Maritime Organization (IMO) to reduce global carbon
dioxide emissions of shipping operations. The EEDI promotes the
development of more energy-efficient marine propulsion systems.
The EEDI formulation can be interpreted as the ratio between the
CO2 production potential of the vessel and its transport work. The
lower the main engine power, the lower the actual EEDI index of a
ship. The installed power of the main engine relies upon the
contracted ship speed. The fulfilment of the contract depends on
stipulated requirements, which are typically represented by nearly
ideal weather conditions. The wind speed is usually assumed to be
lower than Beaufort scale 2, and the wave height is supposed to be
less than 0.5 m. Actual environmental effects are taken care of by
adding a powering margin (known as sea margin) to the estimation of
the speed-power relationship for a newly built vessel. The sea margin
is evaluated based on either statistical analysis or experience, and it is
independent of ship size and type. As a consequence, the ship
propulsion system is optimized for operating conditions it may rarely
experience. The installed engine power may result to be too small or
too high for the actual operating conditions of the ship. The correct
evaluation of the engine power requires the accurate estimation of the
ship performance in waves.

The prediction of the ship performance in realistic weather

conditions compels the understanding of how the propulsion factors
are affected by the presence of waves [20]. However, the axial wake
fraction, thrust deduction fraction, relative rotative efficiency, hull
efficiency, propeller open-water efficiency, propeller efficiency behind
ship, and propulsive efficiency are traditionally estimated in calm
water conditions [14]. At the same time, open literature provides
limited knowledge of how these propulsive coefficients change in
realistic operating conditions, especially in following seas.

The evaluation of the propulsion factors in the presence of waves
started in the 1960s. Moor and Murdey [10] performed
self-propulsion model-scale experiments in regular head waves.
Three ship models (a medium speed cargo liner, a fast cargo liner, and
a tanker) were utilized in both full-load and ballast conditions. The
results of the experiments exhibited the largest variation of the
propulsive coefficients for the critical wavelengths. The
time-averaged thrust deduction fraction varied up 30%, and the
time-averaged effective wake fraction changed up to 45%. Similarly,
Nakamura and Naito [11] carried out self-propulsion model-scale
experiments in waves for a single screw high-speed container ship.
The model was run in regular and irregular waves. Head and
following seas were reproduced. The open-water efficiency decreased
notably in the case of severe ship motions, whereas the relative
rotative efficiency was hardly affected by the presence of waves. The
time-averaged effective wake fraction decreased with the increase of
the wave height. The variation of the time-averaged thrust deduction

Preprint submitted to Applied Ocean Research December 4, 2020

Ship Propulsion Hydrodynamics in Waves 139



Nomenclature

∆ displacement

δ trim angle

η1 measured amplitude of the surge motion

η3 measured amplitude of the heave motion

η5 measured amplitude of the pitch motion

ηB propeller efficiency behind ship

ηD propeller open-water efficiency

ηH hull efficiency

ηH propulsive efficiency

ηR relative rotative efficiency

λ wavelength

ρ water density

θ wave direction relative to the ship

ξA wave amplitude

ζA wave height

AE/AO blade area ratio

BWL waterline breadth

CB block coefficient

CAW wave added resistance coefficient

cP propeller chord

DH hub diameter

DP propeller diameter

FD tow force

Fr Froude number

FDL linear tow force

FTP=0 extrapolated resistance at zero thrust

g gravitational acceleration

GM metacentric height

Ixx roll moment of inertia

Iyy pitch moment of inertia

Izz yaw moment of inertia

J advance coefficient (VS /(nD))

J0 advance coefficient determined from the thrust identity method
(VA/(nD))

k wavenumber

K0
T measured amplitude of KT in Te

KG vertical centre of gravity from the keel

LPP length between perpendiculars

nP propeller speed

P propeller pitch

PE effective power

PT thrust power

Q0P propeller torque in open water

QP propeller torque

RT bare hull resistance

RAW wave added resistance

RTC total resistance in calm water

RTW total resistance in waves

rxx radii of gyration with respect to x

ryy radii of gyration with respect to y

rzz radii of gyration with respect to z

RAOH−S Response Amplitude Operator for the heave or surge motion

RAOP Response Amplitude Operator for the pitch motion

S hull wetted surface

t thrust deduction fraction

T0 propeller thrust in open water

Te wave encounter period

tF thrust deduction fraction computed with FTP=0

TM draft midship

TP propeller thrust

tR thrust deduction fraction computed with RT

tP propeller thickness

VA averaged axial flow velocity at the propeller plane (VS (1 − wE ))

VS ship speed

wE effective wake fraction

XCOG longitudinal position of the center of gravity

YCOG lateral position of the center of gravity

Y1 measured response amplitude

fraction with the wave height was comparatively small. Restrained
model tests in regular head waves and forced pitch oscillation tests in
calm water were also performed. Based on the results of these last
two experiments, Nakamura and Naito [ibid] argued that the decrease
in time-averaged wake fraction has to be primarily attributed to the
pitch motion of the ship. Faltinsen [3] qualitatively explained this
phenomenon by examining the influence of the wave induced motions
on the mean pressure along the ship. It was indicated that the pitching
motion generates a drop in mean pressure from the middle of the ship
towards the stern. This variation in pressure causes the flow to be
sucked more towards the aft-most part of the ship, increasing the flow
velocities at the propeller plane. Faltinsen [ibid] also discussed how
overload tests in calm water conditions might provide useful
information on how the thrust deduction fraction varies in waves.
Ueno et al. [22] carried out free running tests using a container ship
model in regular and irregular waves. The results of the experiments
suggested that the larger the propeller loading, the smaller the
time-averaged effective wake fraction. Bhattacharyya and Steen [2]

conducted load-varying self-propulsion model-scale experiments for
a single-screw cargo vessel at two Froude numbers in regular head
waves. The model was equipped with either a ducted or a
conventional propeller. The time-averaged effective wake fraction
estimated in the case of the conventional propeller had the most
significant reduction for the critical wavelengths. The relative rotative
efficiency was barely affected by the presence of waves. A good
linear relationship between the tow force and the propeller thrust was
noticed in both calm water and waves. Saettone et al. [17] studied the
importance of considering environmental effects on the estimation of
the propulsion system performance of a ship. A full-scale LNG
powered vessel [21] was utilized as the case study. The quasi-steady
approach described by Saettone et al. [15] was applied for the
propeller analysis. The investigation revealed that neglecting the
variation in effective wake fraction would lead to a poor prediction of
the propulsion system performance in the presence of waves.
Saettone et al. [16] numerically studied the influence of the propeller
loading on the thrust deduction fraction. The commercial

2
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Symbol Full Scale Model Scale

LPP 355.0 m 5.577 m
BWL 51.0 m 0.801 m
TM 14.5 m 0.228 m
∆ 173467.6 t 672.90 kg*
δ 0.0 deg 0.0 deg
CB 0.6608 0.6608
S 22162.99 m2 5.471 m2

KG 19.851 m 0.236 m*
XCOG 174.059 m 2.721 m*
YCOG 0.000 m 0.000 m*
Ixx 7.15E+07 t m2 68.40 kg m2

Iyy 1.31E+09 t m2 1249.22 kg m2*
Izz 1.33E+09 t m2 1268.40 kg m2*
rxx 20.30 m 0.319 m
ryy 86.755 m 1.363 m*
rzz 87.400 m 1.373 m
GM 5.100 m 0.156 m*

Table 1. Ship main specifications (* measured values).

SHIPFLOW package version 6.5.09 [5] was utilized as the numerical
tool. The single screw model-scale KVLCC2 tanker was chosen as
the case study. The results exhibited a non-linear inverse correlation
between the thrust deduction fraction and the propeller loading.

This paper presents results from resistance measurements (with
rudder and dummy propeller hub) in calm water and load-varying
self-propulsion experiments in calm water and regular head and
following waves. The goal of this work is to acquire knowledge of
how the propulsive coefficients change in realistic operating
conditions. Particular attention is given to the influence of ship
motions and propeller loading on the thrust deduction fraction, wake
fraction, and propulsive efficiency. The time-series of the experiments
are made publicly available for validation of software tools and
empirical methods. Experiments are video recorded for future use by
researchers.

2. Case vessel

The publicly available hull of the single screw Duisburg Test Case
(DTC) [9] is selected as the model test case. The DTC is a modern
14000 TEU post-Panamax container ship developed at the Institute of
Ship Technology, Ocean Engineering and Transport Systems (ISMT)
of the University of Duisburg-Essen (UDE). The model is constructed
in scale 1:63.65 at SINTEF Ocean in conjunction with the EU
research project SHOPERA (Energy Efficient Safe SHip
OPERAtion) [12]. The vertical centre of gravity of the model is
lowered compared to the design value to increase stability. Table 1
shows the main specifications of the DTC hull. Figure 1 shows the
underwater part of the hull in calm water conditions. The model is
equipped with the fixed-pitch right-handed P1513 propeller (see
Table 2). The DTC design features a twisted rudder with a Costa bulb.
The base profile is a NACA0018. The projected area of the moveable
part of the full-scale rudder is 95.1 m2.

Fig. 1. Underwater part of the DTC hull in calm water conditions.

Symbol Full Scale Model Scale

DP 8.911 m 0.140 m*
P/DP0.7 0.959 0.959*
AE/AO 0.800 0.800
DH/DP 0.176 0.176*
cP/DP0.7 0.3600 0.3600*
tP/cP0.7 0.0198 0.0198*

Table 2. Propeller main characteristics (* measured values).

3. Model-scale tests

3.1. Test facility
The experimental campaign is conducted in the large towing tank at

SINTEF Ocean. The main dimensions are 260 m length, 10.5 m width,
and 10 m depth. The towing tank is equipped with two carriages: one
for traditional calm water tests (maximum towing speed 10 m/s) and
one for seakeeping tests (maximum towing speed 5 m/s). Regular and
irregular waves are generated by a double flap wavemaker placed on
one end of the tank. The maximum wave height is 0.9 m, and the range
of the wave period is 0.8-5 sec. Experienced technicians from SINTEF
Ocean and Norwegian University of Science and Technology (NTNU)
are directly involved in the preparation of the model and the execution
of the tests.

3.2. Test set-up
Figure 2 shows a schematic of the arrangement implemented for

the experimental campaign. The model is connected to the seakeeping
carriage by both lightweight wires and a transverse beam installed on
the model deck at amidships. Two force transducers, one port side
and one starboard, are attached to the beam to measure the tow force.
The spring stiffness is set to avoid resonance related issues.
Specifically, the eigenfrequency of the model in surge direction is less
than 1/8.5th of the lowest wave encounter frequency. The wave
calibration is performed without the presence of the model to ensure
the accuracy of the generated waves. Three fixed probes (two
attached to the carriage and one located at approximately 10 m from
the wavemaker) are used to monitor the regularity of the waves along
the travel path. The six degrees of motions of the model are recorded
with the optoelectronic measuring OQUS system. A dynamometer is
used to measure the propeller thrust, torque and rate of revolutions.
Five accelerometers (three at the aft perpendicular, one at LPP/2, and
one at the forward perpendicular) are placed to record the acceleration
of the model for quality control of the measured motions. The wave
elevation is measured at the forward perpendicular for head waves

Fig. 2. Model-test set-up.

3

Ship Propulsion Hydrodynamics in Waves 141



ID λ/LPP [−] ζA [m] θ [deg]

R0 Resistance in calm water with rudder and dummy propeller hub
C0 Self-propulsion in calm water
FW1 0.5 0.092 0.0
FW2 0.5 0.128 0.0
FW3 1.0 0.084 0.0
FW4 1.0 0.138 0.0
FW5 1.0 0.214 0.0
FW6 2.5 0.076 0.0
FW7 2.5 0.124 0.0
FW8 2.5 0.192 0.0
HW1 0.5 0.092 180.0
HW2 0.5 0.128 180.0
HW3 1.0 0.084 180.0
HW4 2.5 0.076 180.0
HW5 2.5 0.124 180.0
HW6 2.5 0.192 180.0

Table 3. Test cases overview.

and at the aft perpendicular in the case of following waves. The
wavemaker flap motion is also recorded. The minimum waiting time
between consecutive runs is set to 20 minutes to obtain comparable
conditions for each of the runs and to produce consistency in the
results.

3.3. Coordinate system
A right-handed coordinate system with the x-axis positive towards

the bow, y-axis pointing starboard, and z-axis positive downwards is
applied. The wave direction is relative to the ship: 180◦ is head waves,
whereas 0◦ is following waves.

3.4. Model-test program
Table 3 displays the test conditions carried out in the experiments.

In addition to the classic resistance test in calm water (with rudder
and dummy propeller hub), load-varying self-propulsion tests in
regular head and following waves and calm water are performed. In
this type of propulsion experiment, the speed of the model is fixed,
and the propeller speed is varied. Traditionally, this procedure is
referred to as the British Method for propulsion tests. Table 4 shows
the propeller speeds and the velocity of the model implemented in the
experiments. The four propeller rates of revolutions are obtained in
calm water conditions. The lowest rps represents the close-to-zero
thrust. The highest propeller speed represents the close-to-zero tow
force. The two additional values are intermediate points. These four
propeller speeds are also utilized in the remaining test conditions to
consider the influence of the propeller loading and wave-induced ship
motions on the propulsive coefficients separately. In a load-varying
self-propulsion test the propeller rate of revolutions is generally
adjusted several times throughout a run to speed-up the testing
process. In the current experimental campaign, only two propeller
speeds are implemented each run (run 1: 1.A-1.B and run 2: 2.A-2.B)
to achieve adequate precision in the estimation of the propulsive
coefficients.

3.5. Analysis of the results
The time windows are selected to include a minimum of fifteen

wave encounter periods in following waves and twenty-five wave
encounter cycles in head waves. A steady-state response is achieved
for the time windows utilized in the analysis. A visual inspection of
the data is applied to identify the steady-state condition. The

Run nP [rps] VS [m/sec] Fr [−]

1.A 5 1.000 0.1352
1.B 8 1.000 0.1352
2.A 10 1.000 0.1352
2.B 12 1.000 0.1352

Table 4. Velocity of the vessel and propeller speeds.

unavoidable wave damping causes the wave amplitude to be slightly
lower for the run located farther away from the position of the
wavemaker. The quadratic relationship between the wave added
resistance and the measured wave amplitude is applied as a correction
for the tow force to achieve adequate accuracy in the evaluation of the
propulsive coefficients. The correction is only applied to the run
located farther away from the position of the wavemaker. The lowest
propeller speed (5 rps) is not included in the analysis of the results,
but it is only utilized to confirm the linear relationship between the
tow force FD and the propeller thrust TP at low propeller loadings.
This is because the zero thrust condition is too far from the realistic
operating conditions of the ship.

4. Estimation of propulsion factors, wave added resistance,
and ship motions RAOs

4.1. Thrust deduction fraction

The presence of the propeller causes a disparity between the
propeller thrust TP and the bare hull resistance RT . The reduced
pressure field over the wetted surface of the hull is the primary reason
for this difference. The thrust deduction fraction is generally utilized
to quantify this effect.

The results of load-varying self-propulsion tests, in the range of
moderate and light loaded propellers, normally report an excellent
linear relationship between the tow force FD and the propeller thrust.
As a consequence, the best-fit straight line between FD and TP is
usually utilized to determine the tow force FDL applied in the
computation of the thrust deduction fraction. In the current work, the
least-squares method [7] is implemented to compute the linear FD-TP

trend line. In load-varying self-propulsion tests, the ship resistance is
generally estimated by linear extrapolation of the FD-TP relationship
at zero propeller thrust. The extrapolated ship resistance is referred to
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Fig. 3. Key points for the evaluation of tF and tR.
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as FTP=0. The common range of FTP=0/RT is 1.01-1.04 [4]. Figure 3
provides an example of FD, FTP=0, FDL , and RT .

It is necessary to stress the consequences of using FTP=0 in the
calculation of the thrust deduction fraction. In the present work, the
thrust deduction fraction computed with FTP=0 is referred to as tF (see
Equation 1), whereas the thrust deduction fraction calculated from RT

is presented as tR (see Equation 2).

tF =
TP + FDL − FTP=0

TP
= 1 −

FTP=0 − FDL

TP
(1)

tR =
TP + FDL − RT

TP
= 1 −

RT − FDL

TP
(2)

If the linear relationship between FD and TP were applied to
compute the ship resistance, the thrust deduction fraction would be
independent of the propeller loading. On the contrary, if the thrust
deduction fraction were computed with RT , it would be dependent on
the load of the propeller. In addition, tF will always be smaller than tR

if FTP=0/RT is larger than 1.
Based on these considerations, in the current work, the thrust

deduction fraction is computed with both approaches in calm water
conditions. This is necessary to show the difference between tF and
tR. In the presence of waves, the thrust deduction fraction is computed
with FTP=0.

4.2. Effective wake fraction
The flow field of a propeller operating behind a ship differs

considerably from the open-water condition. The averaged axial flow
velocity at the propeller plane VA is smaller than the speed of the ship
VS . The effective wake fraction wE is commonly utilized to quantify
this effect:

wE = 1 −
VA

VS
(3)

In the present work, the thrust identity method is applied to
determine wE . In this approach, the propeller is assumed to generate
the same thrust in a flow field of wake fraction wE as in the open
water condition with speed VA. The advance coefficient obtained from
the thrust identity method is generally referred to as J0. Thus,
Equation 3 can be rewritten as:

wE = 1 −
J0

J
, J =

VS

nP · DP
(4)

4.3. Hull efficiency
The hull efficiency ηH represents the influence of the propeller-hull

interaction on the efficiency of the propulsion system ηD. The hull
efficiency is defined as the ratio between the effective power PE and the
thrust power PT , and it can be expressed as a function of the effective
wake fraction and the thrust deduction fraction. In the current study,
the hull efficiency is estimated with tF (FTP=0).

ηH =
PE

PT
=

RT · VS

TP · VA
=

1 − tF

1 − wE
(5)

4.4. Propeller open-water efficiency
The propeller open-water efficiency η0 is defined as the ratio

between the thrust power and the power absorbed by the propeller
operating in open water conditions. In the present work, the thrust
identity method is utilized to determine Q0.

η0 =
T0 · VA

2 · π · n · Q0
=

TP · VA

2 · π · n · Q0
(6)

4.5. Propeller efficiency behind ship

The propeller efficiency behind ship ηB is defined as the ratio
between the thrust power and the power absorbed by the propeller
operating behind the ship.

ηB =
TP · VA

2 · π · n · QP
(7)

4.6. Relative rotative efficiency

The relative rotative efficiency ηR is defined as the ratio between
the propeller efficiency behind ship ηB and the propeller open-water
efficiency η0.

ηR =
ηB

η0
=

Q0

QP
(8)

4.7. Propulsive efficiency

The propulsive efficiency or quasi-propulsive coefficient ηD is the
efficiency of the complete propeller-hull hydrodynamic system. It can
also be written as the product of the hull efficiency ηH , propeller open-
water efficiency η0, and relative rotative efficiency ηR.

ηD = ηH · η0 · ηR (9)

4.8. Wave added resistance

In energy terms, the wave added resistance RAW is caused by an
extra energy loss associated with the encountered wave. It is defined
as the difference between the time-averaged total resistance in waves
RTW and the resistance in calm water RTC . In the current work, RTW

and RTC are estimated by linear extrapolation of the FD-TP relationship
at zero propeller thrust (FTP=0). The wave added resistance coefficient
CAW is computed as follows:

CAW =
RTW − RTC

ρg(ζA/2)2B2
WL/LPP

=
RAW

ρg(ζA/2)2B2
WL/LPP

(10)

4.9. Ship motions RAOs

The heave and surge RAOs (Response Amplitude Operators) are
defined as the ratio between the measured response amplitude Y1 and
the measured wave amplitude ξA. For the pitch RAO, the wavenumber
k is added to the denominator.

RAOH−S =
Y1

ξA
, RAOP =

Y1

ξA · k
(11)

5. Results

5.1. Propeller open-water curves

Propeller open-water tests are not performed during the current
experimental campaign. Instead, the propeller open-water curves are
obtained from previous experiments carried out by SINTEF Ocean
for the SHOPERA project. Figure 4 displays the propeller open-water
characteristics utilized in the present study.

The time-averaged propeller open-water characteristics in waves are
assumed to be equal to the open-water curves in calm water conditions.
This assumption is admissible since the propeller is always operating
far from the free surface [3].

5
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5.2. Tow force vs propeller thrust
Figures 5 and 6 show the time-averaged tow force FD against the

time-averaged propeller thrust TP in head and following waves. The
calm water values are also included for comparison. A good linear
correlation between FD and TP can be noticed for all the tested cases.
This result confirms the linearity between the tow force and the
propeller thrust, in both waves and calm water, in the range of
moderate and light loaded propellers.
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Fig. 7. CAW vs λ/LPP in following waves (blue) and head waves (red).

The four propeller speeds applied in the experiments are easily
identifiable in four clusters of points. For each one of these groups,
the propeller thrust is not constant even though the propeller speed is
fixed. This is because of the variation in the time-averaged effective
wake fraction caused by the presence of the wave.

5.3. Wave added resistance
Figure 7 reports the wave added resistance coefficient CAW against

the dimensionless wavelength λ/LPP. Minimal differences can be
noticed among the wave added resistance coefficients obtained for the
same wavelength and wave direction but different wave height. The
estimated added resistance coefficients in head waves are in line with
the results obtained by Sprenger et al. [19] and Lyu and el Moctar [8].
In following waves, CAW is close to zero for λ/LPP=0.5 and
λ/LPP=1.0. At λ/LPP=2.5, the ship experiences a pushing effect,
leading to a negative CAW .

5.4. Ship motions RAOs
Figures 8, 9, and 10 show the surge, heave, and pitch RAOs. The

motions of the ship are averaged over the range of the three propeller
speeds (8, 10, and 12 rps) utilized in the current analysis of the results.
Negligible differences can be seen among the RAOs obtained for the
same wavelength and wave direction but different wave height. The
estimated heave and pitch RAOs in head waves are in line with both the
numerical simulations performed by Liu et al. [6] and the experiments
carried out by Lyu and el Moctar [8]. The measured amplitude of
the surge motion is higher in following waves than in head waves. A
similar trend was reported by Rahaman et al. [13] and Nakamura and
Naito [11].

5.5. Propeller thrust and torque coefficients
Figures 11 and 12 show the time-averaged thrust coefficient KT

and time-averaged torque coefficient KQ against the dimensionless
wavelength λ/LPP. KT and KQ are also averaged over the range of the
three propeller speeds (8, 10, and 12 rps) used in the present analysis
of the results. In head waves, a general decrease in KT and KQ can be
noticed compared to calm water. This reduction in KT and KQ is
related to the mean increase in the axial velocity at the propeller
plane. In particular, the thrust and torque coefficients have their
minimum at λ/LPP=0.5. At λ/LPP=2.5, KT and KQ tend to their calm
water values. In the case of constant wavelength for head waves, the
higher the wave amplitude, the lower KT and KQ. In following waves,
a general increase in KT and KQ can be observed compared to calm

6
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Fig. 8. Surge RAO in following waves (blue) and head waves (red).
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Fig. 10. Pitch RAO in following waves (blue) and head waves (red).

water. This increment is related to the mean increase in effective wake
fraction. In the case of constant wavelength for following waves, the
larger the wave amplitude, the higher KT and KQ are. It is also
possible to notice the larger influence of the wave amplitude on KT

and KQ in following waves than in head waves.
Figure 13 shows the amplitude of the thrust coefficient K0

T against
the dimensionless wavelength λ/LPP. For the sake of clarity, only six
representative cases are presented: FW1, FW3, FW6, HW1, HW3, and
HW4. It is possible to notice that the higher the propeller speed, the
lower K0

T . This is because the larger the propeller loading, generated
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Fig. 13. K0
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by the increased propeller rate of revolutions, the lower the relative
variation in the angle of attack caused by the time-varying wake field.
At λ/LPP=2.5 and λ/LPP=1.0, K0

T is lower in following waves than in
head waves. An opposite trend can be seen for λ/LPP=0.5.
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Fig. 15. tF in following waves (blue), head waves (red), and calm water (green).

5.6. Bare hull resistance and linear extrapolated ship
resistance

Table 5 shows the bare hull resistance RT (with rudder and dummy
propeller hub) and the linear extrapolated ship resistance FTP=0. The
ratio FTP=0/RT is equal to 1.017. This confirms the increase in the
estimated ship resistance when the FD-TP relationship is utilized.

5.7. Thrust deduction fraction
Figure 14 shows the time-averaged thrust deduction fractions tF and

tR, computed in calm water conditions, against the propeller thrust TP.
It can be noticed the dependency of the propeller loading on tR, and the
independency of tF of the propeller thrust. In addition, tR results to be
greater than tF , and their difference decreases with the increase of the
propeller loading. These results prove the importance of utilizing the
bare hull resistance in the estimation of the thrust deduction fraction.

Figure 15 displays the time-averaged thrust deduction fraction tF

computed in head and following waves against the dimensionless
wavelength λ/LPP. The calm water values are also included. It is

ID Resistance [N]

R 11.08
FTP=0 11.27

Table 5. Bare hull resistance vs linear extrapolated ship resistance.
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Fig. 16. wE vs λ/LPP in following waves (blue), head waves (red), and calm
water (green).
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Fig. 17. wE vs TP in following waves (blue), head waves (red), and calm water
(green).

necessary to remind that since tF is computed, the differences between
the thrust deduction fraction in calm water and waves are independent
of the propeller loading. Small differences in tF can be noticed over
the range of considered wavelengths. A general decrease in the thrust
deduction fraction can be seen compared to calm water. In both head
and following waves, the maximum reduction occurs at λ/LPP=1.

5.8. Effective wake fraction

Figure 16 shows the time-averaged effective wake fraction wE

against the dimensionless wavelength λ/LPP in head and following
waves. The calm water values are also added for comparison. wE is
also averaged over the range of the three propeller speeds (8, 10, and
12 rps) utilized in the current analysis of the results. Since the thrust
identity method is applied to compute wE , the trend of the results
resembles the one for KT . A general decrease in wE can be noticed in
head waves compared to calm water. In head waves, the higher the
wave amplitude, the lower the effective wake fraction. The minimum
values occur at λ/LPP=0.5. This indicates that the amplitude of the
relative vertical motion at the location of the propeller does not have
the largest influence on the effective wake fraction. In following
waves, a general increase in wE can be seen compared to calm water.
This might be related to the direct interaction between the propeller
and the encountered wave. In following waves, the higher the wave
amplitude, the larger the effective wake fraction.
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Figure 17 reports the time-averaged effective wake fraction wE

against the time-averaged propeller thrust TP in head and following
waves. In the interests of clarity, only six representative cases are
presented: FW5, FW6, FW7, HW1, HW2, and HW4. The calm water
values are also included. It can be observed that the higher the
propeller loading, the lower the effective wake fraction. This could be
the result of the deformation of the boundary layer caused by the
increased propeller thrust [1].

5.9. Hull efficiency
Figure 18 shows the time-averaged hull efficiency ηH against the

dimensionless wavelength λ/LPP in head and following waves. The
calm water values are also included for comparison. ηH is also
averaged over the range of the three propeller speeds (8, 10, and 12
rps) used in the analysis of the results. Since the variation in thrust
deduction fraction is small, the trend of the results resembles the one
for wE . In following waves, a general increase in the hull efficiency
can be noticed compared to calm water. Except in the case of very
large wave amplitudes, small differences in ηH can be seen over the
range of considered wavelengths. Similar conclusions were drawn by
Bhattacharyya and Steen [2].

Figure 19 displays the time-averaged hull efficiency ηH against the
time-averaged propeller thrust TP in head and following waves. The
calm water values are also added. In the interests of clarity, only six
representative cases are presented: F35, FW6, FW7, HW2, HW4, and HW6.
It can be noticed that the higher the propeller loading, the lower the
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Fig. 20. ηR vs λ/LPP in following waves (blue), head waves (red), and calm
water (green).
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Fig. 21. η0 vs λ/LPP in following waves (blue), head waves (red), and calm
water (green).

hull efficiency. A similar trend was reported by Bhattacharyya and
Steen [2].

5.10. Relative rotative efficiency

Figure 20 shows the time-averaged relative rotative efficiency ηR

against the dimensionless wavelength λ/LPP in head and following
waves. The calm water values are also reported. For the sake of
clarity, only six representative cases are presented: FW1, FW3, FW6,
HW1, HW3, and HW4. It is possible to observe the negligible influence
of both waves and propeller loading on the relative rotative efficiency.
Similar results were reported by Moor and Murdey [10], Nakamura
and Naito [11], Sigmund and el Moctar [18], and Bhattacharyya and
Steen [2].

5.11. Propeller open-water efficiency

Figure 21 shows the time-averaged propeller open-water efficiency
η0 against the dimensionless wavelength λ/LPP in head and following
waves. The calm water values are also included. In the interests of
clarity, only six representative cases are presented: FW1, FW3, FW6,
HW1, HW3, and HW4. The main variation in η0 is caused by the change
in propeller speed. This is because the propeller loading has a larger
influence on the propeller open-water efficiency than the wave-particle
velocity and ship motions. As a consequence, the higher the propeller
loading, the lower the propeller open-water efficiency. These results
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Fig. 23. ηD vs λ/LPP in following waves (blue), head waves (red), and calm
water (green).

indicate that the commonly reported decrease in η0 in the range of the
critical wavelengths is primarily caused by the large value of wave
added resistance.

5.12. Propeller efficiency behind ship

Figure 22 shows the time-averaged propeller efficiency behind ship
ηB against the dimensionless wavelength λ/LPP in head and following
waves. The calm water values are also added for comparison. For
the sake of clarity, only six representative cases are presented: FW1,
FW3, FW6, HW1, HW3, and HW4. Since the relative rotative efficiency is
influenced by neither the presence of waves nor the propeller loading,
the propeller efficiency behind ship resembles the propeller open-water
efficiency. Therefore, the same conclusions achieved for η0 can be
drawn for ηB.

5.13. Propulsive efficiency

Figure 23 shows the time-averaged propulsive efficiency ηD against
the dimensionless wavelength λ/LPP in head and following waves.
The calm water values are also added for comparison. In the interests
of clarity, only six representative cases are reported: FW1, FW3, FW6,
HW1, HW3, and HW4. Compared to ηR and η0, ηD is slightly more
affected by the ship motions. This is because of the small change in
ηH produced by the encountered waves. However, the main variation
in the propulsive efficiency is still caused by the change in propeller

Symbol es [%] ēs [%]

TP 0.814 0.407
FD 3.821 1.911
QP 0.279 0.139
n 0.014 0.007
VS 0.006 0.003
1 − tF 1.151 0.576
FTP=0 0.375 0.188
1 − wE 1.077 0.538
ηH 1.105 0.552
ηB 0.845 0.422
ηr 0.713 0.357
η0 0.907 0.454
ηD 1.528 0.764

Table 6. Precision errors es and ēs.

loading (variation in η0). Therefore, the overload tests carried out in
calm water conditions provide a good estimation of the propulsive
efficiency in waves. The accuracy of the overload tests in calm water
for the evaluation of the propulsive efficiency could be increased by
using the exact propulsion point in waves. This would be achieved by
utilizing both the effective wake fraction wE and the thrust deduction
fraction tF determined in the presence of waves.

6. Uncertainties

The precision errors es and ēs (defined in Equation 12) are
computed for the propulsive coefficients, propeller speed, ship speed,
propeller thrust, propeller torque, extrapolated ship resistance, and
tow force. The two-tailed Student’s t-distribution with N-1 degrees of
freedom is calculated with a cumulative probability of 0.95. Test case
FW5 is repeated four times to assess the reproducibility and
repeatability of the experiments. A minimum of five test cases is run
in between the single repeated measurements. Table 6 shows the
precision errors achieved in the current work. All the calculated
uncertainties are well within acceptable limits and comparable with
the precision errors obtained by Bhattacharyya and Steen [2].

es =
t · S x

M̄
, ēs =

t · S x
√

N · M̄
(12)

7. Conclusions

The results from resistance measurements in calm water and
load-varying self-propulsion tests in calm water and regular head and
following waves were presented. The linear extrapolated ship
resistance FTP=0 resulted in being 1.7% higher than the bare hull
resistance RT (with rudder and dummy propeller hub). As a
consequence, tR was greater than tF , and their difference decreased
with the increase of the propeller loading. In addition, tR resulted in
being dependent on the propeller loading, whereas tF was not affected
by the variation in the propeller thrust. As expected, the wave added
resistance was lower in following seas than in head waves. The pitch
and heave and motions were higher in head waves, whereas the surge
motion was significantly larger in following waves. The effective
wake fraction was affected by both the propeller loading and the ship
motions. In the case of the former, the higher the propeller loading,
the lower the effective wake fraction. For the latter, a general decrease
in effective wake fraction was noticed in head waves compared to
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calm water. On the contrary, the velocity at the propeller plane was
reduced in following waves in comparison to calm water. The ship
motions barely influenced the thrust deduction fraction computed
with the extrapolated ship resistance. The change in propeller
open-water efficiency was primarily related to the variation in
propeller loading. The relative rotative efficiency was hardly
influenced by both the propeller loading and the motions of the ship.
Except in the case of very large wave amplitudes, the hull efficiency is
hardly influenced by the ship motions. The variation in propeller
loading mainly influenced the propulsive efficiency. Therefore,
overload tests in calm water provided a good estimation of the
propulsive efficiency in the range of the considered propeller
loadings. However, this conclusion might change for a different ship.
This is because the importance of the ship motions and wave-particle
velocity in comparison to the propeller loading for the propulsive
efficiency depends on several factors, e.g. the magnitude of the wave
added resistance and ship motions, ship propulsion point, ship speed,
and propeller loading in calm water. As future work, it would be
relevant to repeat the same type of experiments for different case
vessels.
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