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Abstract 

Ship design is evolving around ever-increasing market demands in quest of competitive and 

cost-effective solutions. The global increase of shipping activities has raised concerns regarding 

the environmental impact of sea operations- transportation, fishing and exploitation of offshore 

resources. These conditions have driven naval architects to look for novel and energy efficient 

ship designs. Currently, there is increasing demand to optimize ships for actual environmental 

conditions i.e. in the presence of wind, waves, etc. 

The work in this thesis explores the effect of waves on ship propulsion; it consists of two major 

parts. First, the analysis of propulsion system in the presence of waves where the effects of 

added resistance, wake variation, propulsion losses and propeller-engine interactions have been 

studied on engine efficiency, propulsion efficiency, power and RPM fluctuations in waves. It 

was found that the effect of waves on engine performance is relatively small, for the studied 

cases, however; wake variation and propulsion losses can cause considerable changes in vessel 

performance. 

The second part deals with propeller performance in terms of cavitation, pressure pulses and 

efficiency in the presence of waves. The effects of wake change, speed loss, RPM variation and 

ship motions have been investigated. It was found that wake variations in waves has by far the 

largest impact on pressure pulses. Therefore, it is recommended to consider wake variation in 

waves while designing propellers. Due to the practical difficulties in doing this, which mainly 

are related to determining the wake variations, the recommended compromise is to consider the 

wake variation in one regular wave of length close to the ship length. 

A framework of systematic analysis laid out in this thesis would be useful for analyzing 

different propulsion systems and propeller designs in the presence of waves. Methods and tools 

used in the work can be further incorporated into the optimization process to consider the effect 

of waves. The investigation in this thesis will help the optimization as various factors affecting 

the propulsion have been recognized and their effect has been quantified. 
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List of Variables 

𝜆 Wavelength 

A Wave amplitude 

L Ship length 

w Taylor wake fraction 

t’ Thrust deduction fraction 

𝜔𝑒 Wave encounter circular frequency 

𝜉𝑎 Surge amplitude with phase delay of 𝜁𝜉  

𝜁𝜉  Phase delay 

𝜔 Wave circular frequency 

ℎ𝑎 Wave amplitude 

𝑘 Wave number 

𝑈 Ship speed 

(𝑥𝑃, 0, 𝑧𝑃) Propeller co-ordinates 

t Time 

T Wave encounter period 

𝑋 Wave encounter angle (0 for following sea; 180 for head sea) 

𝛼 Coefficient representing effect of wave amplitude decrease at the stern 

𝑤𝑃 Effective wake fraction 

𝑉𝑚𝑒𝑎𝑛 Time averaged wake velocity considering the effect of pitching motion  

𝑉𝑡𝑜𝑡𝑎𝑙 Total wake velocity considering mean increase as well as wake fluctuations 

𝑥 Longitudinal distance of the propeller from the center of gravity of the ship 

Δ�̅� Pressure gradient below the bottom of the ship due to pitching motion 

𝜂5 Pitch amplitude 

N  Propeller RPM 

D  Propeller diameter (m) 

Z  Number of blades 

d  Distance from r/R = 0.9 to a position on the submerged hull when the blade 

 is at  the top dead center position (m) 

R  Propeller radius (m) 

wTmax  Maximum value of the Taylor wake fraction in the propeller disc 



xii 

 

we  Mean effective full-scale Taylor wake fraction 

h  Depth to the shaft center line 

𝑝0 Non-cavitating contribution to pressure pulses 

𝑝𝑐 Cavitating contribution to pressure pulses 

𝑝𝑧 Total pressure pulses 

𝑎1 Friction coefficient for the main engine1 

𝑎2 Friction coefficient of the propulsion shaft1 

 

 

 

Note: Notation of some variables is different in appended papers. Please refer the list of 

variables in each paper for the correct representation of variables. 

  

                                                 
1 Variables used in Paper 2 
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1. Introduction 

1.1 Background and Motivation 

Global warming due to the anthropogenic emissions of greenhouse gases poses a serious threat. 

To limit this problem, a steep reduction in the emission of greenhouse gases is necessary. 

Shipping industry being a major contributor to the global CO2 emissions will have to face this 

challenging task of reducing the emissions even though global trade is increasing. 

The industry is striving for higher efficiency and lower emissions as a result of competition in 

the market combined with environmental regulations, like the EEDI and emission control areas. 

The challenge is to increase the efficiency and reduce the emissions while still assuring a high 

level of safety and reliability. This challenge is addressed by researchers, ship designers and 

ship builders, as well as ship owners and operators. One such research effort is the Low Energy 

and Emission Design of Ships (LEEDS) project sponsored by the Research Council of Norway 

(grant number 216432/O70), Rolls-Royce MARINE and DNV-GL. The work in this thesis is a 

part of LEEDS project. 

Traditionally, ships have been optimized for calm water operation, because this is the intended 

condition during the contractual sea trials, and probably also because one has not had the 

knowledge and tools to optimize ships properly for operations in waves. Ships have of course 

been designed to be safe in all operational conditions they are supposed to be used in, but not 

to be optimally efficient in the typical operating condition, which for most ships is not calm 

water. Optimization for operation in waves is increasingly viable, and so it is expected that 

more energy-efficient and economical ships can be designed if conditions in waves are taken 

into account in the design optimization. 

Propellers have traditionally been optimized for calm water conditions, partly because of 

insufficient knowledge about the conditions in waves and partly due to unavailable tools to 

optimize propellers for operations in waves. However, with increasing environmental concerns 

and emission regulations, there is growing demand to optimize the ships for the actual operating 

conditions, which typically include waves. Also with advancements in the technology, it is 

increasingly viable to analyze propeller performance in a complex environment like waves. In 

this regard, propulsion design approach should also be revisited to explore the possibility of 

optimizing propellers not just in calm water but also in the presence of waves. Initially, the 

effect of waves on existing propulsion systems should be analyzed. Substantial wake variation 

observed in the presence of waves by Wu [1] using CFD and by Kim [2] using PIV experiments 

are strong motivations for such an analysis, since the wake field is a very important input to the 

propeller design process. 
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1.1.1 Change of propulsion factors in waves 

Currently, propellers are designed using wake, thrust deduction and relative rotative efficiency 

obtained in calm water conditions. Moor et al. [3] have shown through model tests of multiple 

ship hulls that wake, thrust deduction, and propeller efficiency vary in the presence of waves. 

In their work, propulsion factors have been presented for three different ships in loaded and 

ballast condition in the presence of head waves with wavelength varying from λ/L = 0.5 to 3.0. 

Thrust deduction, wake fraction, and propeller efficiency varied notably in the presence of 

waves as compared to their calm water values. 

In the experiments performed by Nakamura et al. [4], self-propulsion factors were found to 

vary considerably especially when wavelength to ship length ratio was lower than 0.5. 

Moreover, the amount of these variations was larger in the case of low ship speed. In the range 

of λ/L = 0.9 to 1.3, where ship motions are severe, values of (1-w) and (1-t’) were larger than 

the calm water values. Here, w is Taylor wake fraction and t’ is thrust deduction fraction. (1- 

w) had a tendency to increase with the increase in waveheight whereas the variation of (1-t’) 

with waveheight was comparatively small. However, (1-w) did not show as remarkable 

tendencies in irregular waves as observed in regular head waves. Further investigations into the 

wake in the presence of waves revealed that time averaged wake velocities were higher in the 

presence of waves than in calm water, especially when ship motions were severe. Forced pitch 

oscillation tests performed to investigate this phenomenon led to the conclusion that increase 

in mean (1-w) in waves compared to still water is mainly due to the magnitude of pitch motion. 

The radial distribution of circumferentially averaged wake also changed due to waves and ship 

motion, and the change was more pronounced at inner radii (close to the hub) of the propeller 

as compared to outer radii. 

Guo et al. [5] simulated KVLCC2 advancing in head waves using an unsteady RANS code. 

Along with ship motions and added resistance, wake distributions were obtained in the presence 

of waves. The numerical calculation for wake flow was performed with 

wavelength λ/L = 0.9171, and wave height H = 0.138 m. Maximum change in time-averaged 

axial velocity was as large as 35% of the ship speed, which occurred close to the propeller shaft. 

First order axial velocity also showed large amplitude at the lower part of the propeller disc, 

where the maximum value was about 35% of the ship speed. Therefore, the effect of waves on 

the wake was found to be surprisingly strong. 

Wu [1] computed the added resistance, ship motions and wake field of the KVLCC2 hull in 

head waves using the code CFDShip-Iowa v4.5, which uses overset block structured CFD 

solver designed for ship applications. Simulations were performed with free and fixed surge 

conditions and added resistance. Ship motions were validated by the experiments. Wakes 

computed using CFD simulations matched well with those obtained by Kim [2] using 3D 

Particle Image Velocimetry (PIV). PIV experiments were carried out at Fr=0.142 in calm water 

and in head waves with λ/L = 0.6 to 2.0 for fully loaded and λ/L = 0.3 to 2.0 for ballast condition 

using a 1:100 scale model of the ship. Significant wake variation was observed in the presence 

of waves, especially in λ/L = 1.1 and 1.6 as bilge vortices created due to ship motions affect the 

wake in waves. 
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Albers et al. [6] investigated the wake in the presence of waves using Laser-Doppler 

Velocimetry (LDV). The effects of undisturbed wave orbital motion, ship motion and 

disturbance due to the presence of the hull have been separated. Propeller loading and cavitation 

calculations have been performed for various conditions in the unsteady wake. Variation in 

cavitation number was found to be smaller in the presence of waves whereas variation in the 

angle of attack of propeller blade section increased. To maintain the ship speed in the presence 

of waves, RPM had to be increased which led to propeller sections experiencing lower 

cavitation numbers and higher angles of attack. It was concluded that the complete picture of 

the influence of waves and ship motions on wake velocity and local pressures is necessary for 

the assessment of cavitation in the presence of waves. Adaption of the propeller based on the 

environmental conditions in the area of operation of the ship was suggested to improve the 

long-term cavitation performance.  

Chevalier et al. [7] and Jessup et al. [8] studied the cavitation of a propeller operating in waves 

by calculating wake velocities using potential flow calculations and observed a drop in the 

cavitation inception speed of the vessel in waves. 

1.1.2 Importance of cavitation and pressure pulses 

Due to increasing demand for efficiency, it is no longer common to design the propellers for 

operating entirely without cavitation. Cavitation can lead to erosion on the propeller blades. 

Moreover, the pressure pulses can cause vibration in the ship structure, thus affecting passenger 

comfort and in severe cases damage the structural integrity of the hull. In merchant ships, 

bearing forces cause about 10% of the propeller-induced vibrations, whereas approximately 

90% are due to pressure fluctuations, or hull surface forces[9]. Pressure amplitudes at blade 

pass frequency of 1 to 2, 2 to 8 and over 8 kPa at a point directly above the propeller can be 

categorized as low, medium, and high, respectively. However, the pressure amplitude above 

the propeller is not alone adequate to characterize the excitation behavior of a propeller. 

Therefore, no universally valid limits can be stated for pressure fluctuation amplitudes. Whether 

these excitation forces result in high vibrations, depends on the dynamic characteristics of the 

ship’s structure and can only be judged based on a forced vibration analysis. Moreover, 

lowering the pressure pulses comes at the expense of efficiency. Thus, accurate estimation of 

pressure pulses in realistic operating condition can help us maximize the efficiency while still 

avoiding the unwanted consequences. 

Survey of 47 ships with vibration problem has shown that around 80% of the cases could be 

traced back to pressure pulses as a source of vibration problems [10]. Further, cases suffering 

from local deck vibration were twice as frequent as those where global vibration is the problem. 

However, the vibration of a superstructure is tough and expensive to solve when found on a 

ship in service. 

The vibration level necessary to cause fatigue cracks in a superstructure is approximately ten 

times of that causing complaints from the crew. Such damages are therefore mostly experienced 

close to the excitation source and particularly in the aft peak. Based on reported cracks in the 

aft peak of 20 ships, fatigue damages in the afterbody strongly correlated with the amplitude of 

pressure pulses at blade harmonic frequency. Hence, it is necessary to avoid high pressure 
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pulses even when the cavitation is present, which is achieved by adapting the propeller design 

to calm water wake, as cavitation and pressure pulses depend on the wake distribution. 

However, given the substantial wake change occurring in the presence of waves, it is essential 

to investigate the performance of the propeller in the presence of waves. 

1.1.3 Engine-propeller interaction 

Propulsion plants are optimized for calm water operation while off-design conditions like rough 

weather are taken care of by adding a simple sea margin to the required power. The sea margin 

is typically 15 to 25% of the power needed in calm water condition. However, to optimize the 

installed engine size, the sea margin should be accurately calculated to ensure acceptable 

performance in average operating conditions or frequently encountered weather conditions. 

Accurate estimation of sea margin would require precise calculation of added resistance as well 

as propulsion performance in the presence of waves. 

The dynamics of the propulsion system in the presence of waves is yet to be clearly understood. 

The system of engine and propeller react to the time varying flow field encountered in waves, 

and it would be useful to observe the effect of waves on the engine-propeller system dynamics. 

Propulsion losses may occur in the presence of waves due to events like propeller emergence. 

It is essential to evaluate the importance of such events and engine response to decide if it 

should be taken into account in the design phase of a ship. From the weather routing point of 

view, it is essential to correctly predict if propeller emergence will occur in any particular sea 

condition as it can lead to both voluntary and involuntary speed loss. 

Changes in flow field explained previously cause fluctuations in propeller thrust and torque as 

noted by Nakamura et al. [4], Lee [11] and Amini [12]. Moreover, waves cause surge motions 

and periodic change in propeller submergence due to heave and pitch. Such changes in propeller 

submergence, surge motion, and occasional propeller emergence give rise to fluctuating loads 

on the engine, which may affect engine performance as well as propeller performance due to 

shaft speed variations. Therefore, engine and propeller should be studied together as a system 

to simulate the interaction between them. Kyrtatos [13] suggested that ship and propeller 

dynamics should be taken into account while optimizing the control strategy of the machinery. 

From the industry perspective, there is a certain interest to study engine dynamics in the 

presence of rough weather as it is thought to affect the engine performance. The experience of 

Rolls-Royce in vessel design and operation suggests that the specific fuel consumption of 

marine diesel engines can be significantly affected by dynamic engine loading, for engines 

operating at relatively low load. Unsteady environmental loads are thought to be one of the 

many culprits leading to the drop in propulsion performance. Therefore, for the better 

understanding of the engine-propeller coupled dynamics, its effect on efficiency should be 

investigated. 

Kyrtatos [13] simulated engine-propeller coupled model in a sea state of about 8 BF. Variation 

of engine power and speed was studied with speed control and fuel control governor settings. 

In addition to engine-propeller interaction in the presence of waves, crash stop maneuvers were 

also studied. Use of such simulations to optimize the control of marine engines operating in 

adverse condition and undergoing severe load transients has been suggested. 
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Kayano et al. [14] studied the effect of environmental conditions like wind and waves on the 

propulsion performance using full-scale trials. DHP (Delivered Horse Power) measured in full-

scale experiments in the presence of wind and waves was higher and propulsive efficiency 

lower than the estimated value. As a result, the need for predicting the power curve more 

precisely considering the effect of wind and waves was proposed. 

For the study of coupled dynamics of the vessel-propulsion-diesel engine system, Kyrtatos et 

al. [15] conducted a simulation of propeller – diesel engine dynamics and applied a PI governor. 

They demonstrated the model’s reliability to test the governor in different transient loads. 

Livanos et al. [16] and Theotokatos et al. [17] studied coupled dynamics for a vessel-propeller-

diesel engine system. Livanos et al. [16] studied the case with a controllable pitch propeller 

under maneuvering operation with a primary interest in the engine system response like shaft 

speed, turbocharger speed and power development under transient load. Ship acceleration with 

propeller pitch increase, rapid deceleration with pitch decrease and crash astern maneuvers were 

simulated. The engine model used was a mean value model, derived from their 

phenomenological model. The engine model was found to be capable of capturing dynamic 

response in different maneuvers by comparing the results with experimental measurements. 

Theotokatos et al. [17] have investigated the variation of performance and emission parameters 

of a merchant vessel for the given operating profile due to the effect of added resistance. They 

have demonstrated that the coupled model of ship-engine-propeller can be used to minimize the 

fuel consumption and CO2 emission for a typical ship route by adjusting the ship speed. 

Campora et al. [18] have presented the mathematical model for the dynamic simulation of ship 

propulsion system. Departure maneuver, arrival maneuver and crash stop have been simulated. 

Pitch, shaft speed, ship speed variations etc. have been compared with full-scale measurements. 

Good agreement between simulations and measurements was observed. 

el Moctar et al. [19] have studied engine-propeller interaction in case of maneuvering by 

coupling Computational Fluid Dynamics (CFD) analysis with a dynamic engine model. Such a 

tool can be used in the final stage of ship design; however, due to the computational 

intensiveness of CFD calculations, it is difficult to utilize it as a tool for the wider search of 

design parameters. 

All the above studies investigate engine-propeller-vessel dynamics with varying level of detail. 

They consider the effect of different maneuvering operations on the propulsion system. These 

studies help while building the engine model so that relevant dynamics can be simulated with 

required accuracy. However, the cyclic load variations that engine and propeller would 

experience in the presence of waves have not been included in these studies. The formulation 

for EEDI favors reducing the installed power of the main engine, which might tempt the 

designers to do so without applying innovative designs [20]. If so, the vessel may not have 

sufficient power to maintain its maneuverability in harsh weather. On the other hand, adding a 

design margin for possible off-design conditions without a proper analysis may be a costly 

solution. In this regard, finding the optimal power rating of a propulsion plant has become more 

important. 
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1.2 Thesis outline 

This thesis is written as a collection of articles, which are appended in full-length after the main 

section. These articles represent the research contributions of this work, while the main section 

is meant to provide a concise overview of the work including important outcomes and 

conclusions from the study. The remaining part of the thesis has been organized as follows: 

Chapter 2 contains objectives of the study further divided into sub goals. 

Chapter 3 describes different methods used for the calculations of pressure pulses as 

pressure pulses play a pivotal role in the analysis of propeller performance in waves. 

Chapter 4 highlights important results from each article along with additional calculations 

performed to support or extend the analysis further. 

Chapter 5 lists the contributions of this work, highlights the conclusion and suggests the 

possible ways for future work. 

Appended papers are as follows: 

Paper 1: Analysis of propulsion performance of KVLCC2 in waves. 

Paper 2: Dynamics of a marine propulsion system with a diesel engine and a propeller 

subject to waves. 

Paper 3: The effect of waves on engine-propeller dynamics and propulsion performance 

of ships. 

Paper 4: Effect of waves on cavitation and pressure pulses. 

Paper 5: Effect of waves on cavitation and pressure pulses of a tanker with twin podded 

propulsion. 
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2. Objectives 
The overall purpose of this work is to study the effects of waves on the propulsion performance 

of ship, so that the propulsion system can be optimized for realistic operating conditions. 

Objectives of this study can be broadly divided into two parts.  

The first objective is to explore the possibility of optimizing the propulsion system of ships 

taking into account the conditions in waves. Therefore, a coupled model of engine, propeller, 

and vessel should be developed to simulate the propulsion system in waves. This model can be 

used to assess the effect of waves on propulsion performance. The influence of torque load 

variations on engine operation and its subsequent effect on propeller performance can also be 

studied. The study should also clarify which effects should be considered for improving the 

performance prediction of propulsion in waves as accurate performance prediction in different 

environmental conditions could lead to further optimization of installed engine power. In short, 

following sub-goals have been identified-  

 Build engine-propeller coupled model considering relevant effects in the presence of 

waves. 

 Simulate ship in the presence of different wave conditions. 

 Observe the effect of waves on engine and propeller performance. 

 Study engine-propeller dynamics and its effects on vessel operation in waves. 

 Identify the effects of waves crucial for the accurate speed and power prediction. 

 Evaluate the importance of coupled model in vessel performance prediction and 

optimization of engine power. 

The second objective is to study the propeller performance in the presence of waves to explore 

the possibility of optimizing the propellers considering the effect of waves. Especially given 

significant wake variation in the presence of waves, one would expect the propeller 

performance to change significantly, as propeller designs are adapted for calm water wake. The 

first step would be to find out different ways in which waves can affect propeller performance 

and the performance parameters that are affected due to waves. The effect of each factor should 

then be quantified to recognize which factors should be taken into account while designing the 

propellers. These objectives can be further divided into following sub-goals- 

 Simulate propeller in the presence of waves. 

 Recognize the factors affecting propeller performance in waves. 

 Find out which performance parameters get affected. 

 Quantify the effect of different factors influencing propeller in the presence of waves. 

 Identify critical factors to be considered to optimize propellers in the presence of 

waves. 
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3. Calculation of Pressure Pulses – 

Methods 
Pressure pulses can be estimated using different methods. These methods differ in the level of 

complexity, uncertainty and sensitivity. For the current study, the method should be sensitive 

enough to reveal the differences in pressure pulses in different wake fields in waves. Different 

methods available for the calculation of pressure pulses have been reviewed in this section, 

since the calculation of pressure pulses in waves have played an important role in the definitive 

conclusion that pressure pulses tend to increase in the presence of waves.  

3.1 Holden’s Method 

Holden’s method is an empirical method for the calculation of pressure pulses. It is based on 

the full-scale measurements performed on 72 ships before 1980. The method is intended as a 

first estimate of likely hull surface pressures using a conventional propeller design [21, 22]. The 

following regression-based formula was proposed for non-cavitating and cavitating 

contributions of pressure pulses respectively: 

𝑝0 =
(𝑁𝐷)2

70

1

𝑍1.5  (
𝐾0
𝑑

𝑅

)  𝑁/𝑚2 __________________________________________________ (1) 

𝑝𝑐 =
(𝑁𝐷)2

160

𝑈(𝑤𝑇𝑚𝑎𝑥−𝑤𝑒)

√(ℎ+10.4)
 (

𝐾𝑐
𝑑

𝑅

)  𝑁/𝑚2  _________________________________________________________ (2) 

and K0 and Kc are given respectively by the relationships: 

𝐾0 = 1.8 + 0.4 (
𝑑

𝑅
)  𝑓𝑜𝑟

𝑑

𝑅
≤ 2 ________________________________________________ (3) 

𝐾𝑐 = {
1.7 − 0.7 (

𝑑

𝑅
)  𝑓𝑜𝑟

𝑑

𝑅
< 1

1.0                     𝑓𝑜𝑟
𝑑

𝑅
> 1

 _______________________________________________ (4) 

The total pressure impulse, which combines both the cavitating and non-cavitating components 

of equation acting on a local part of the submerged hull, is then found from equation- 

𝑝𝑧 = √(𝑝0
2 + 𝑝𝑐

2) ___________________________________________________________ (5) 

This method gives results with a standard deviation of the order of 30% when compared to the 

base measurement set from which it was derived. Thus, results from this method should not be 

regarded as a definitive prediction of pressure pulses. 

Holden’s method is used in the initial design stage of propeller design. However, it is not 

appropriate for current analysis since it only considers a few key parameters related to wake 
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distribution and therefore fails to capture the effects due to minor variations in wake structure 

(as observed in paper 4). 

3.2 Cavity Volume Variation 

Skaar et al. [23] developed an expression, which provides further insight into the relation 

between cavity volume and pressure pulses. 

𝑝𝑐 =
𝜌

4𝜋

1

𝑅𝑃
 
𝜕2𝑉

𝜕𝑡2  𝑁/𝑚2 _______________________________________________________ (6) 

where V is the total cavity volume. 

Cavitating pressure signature is proportional to the second derivative of the total cavity volume 

with respect to time. Hence the pressures encountered upon the collapse of the cavity is usually 

more violent than those experienced during cavity formation. 

The above expression can be applied to obtain pressure pulses at a distance of 𝑅𝑃 from the 

cavity, if time history of cavity volume is known. Methods like lifting surface or vortex lattice 

can be used for the calculation of cavity volume variation on the propeller in a given wake. 

Unsteady lifting surface theory is the basis for many advanced theoretical approaches in this 

field [21]. This method would have been sufficient for the comparative study of pressure pulses 

in different conditions as cavity volume variation was available from MPuF-3A calculations, 

which is based on vortex lattice theory [24]. However, HullFPP, which is potential based 

boundary element method [25], was used for the analysis, as it is more accurate. 

Plots of cavity volume variation are presented in paper 4. Cavity volume variation along with 

its second derivative has been plotted in Figure 3.1 and Figure 3.2 to highlight the aspects of 

cavity volume variation that are important from the pressure pulse point of view. Interestingly, 

volume maxima create broad negative peaks in second derivative, while blade angles at which 

cavity forms and collapses lead to narrow positive peaks in the second derivative. 

In, Figure 3.2 the left peak of the second derivative is wider and smaller than the peak on the 

right-hand side. Since the blade travels from negative blade angles to positive, the left peak 

corresponds to cavity formation whereas the right one is due to cavity collapse. As we know, 

cavity collapse is responsible for larger pressure pulses than the cavity formation. Figure 3.1 

and Figure 3.2 depict the importance of the wake peak as the peak of cavity volume creates 

large negative peaks in the second derivative of cavity volume. Narrower wake peak would 

have led to sharper cavity variation close to the peak thus causing a larger negative peak in the 

second derivative of cavity volume. 
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3.3 Field Point Potential 

This method has been used in the analysis where time history of cavity volume is obtained using 

MPuF-3A calculations, and pressure pulses are calculated using HullFPP. The time history of 

cavity volume variation is used to derive the field point potential induced by the cavitating 

propeller. The solid boundary factor is calculated by solving the diffraction potential on the hull 

using a potential-based boundary element method. Fluctuating pressure on the hull is then 

determined by multiplying free-space pressures by the solid boundary factor. In this method, 

the solid boundary factor can be calculated based on the geometry of the hull. Moreover, in 

addition to pressure pulse amplitudes, the phase of pressure pulses is also obtained, which could 

be useful for hull vibration analysis. 
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Figure 3.1 Cavity volume variation and its second derivative in calm water wake. 
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Figure 3.2 Cavity volume variation and its second derivative in the presence of wave. 
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4. Summary of Papers and 

Supporting Work 

4.1 Overview 

This is a paper-based PhD thesis, so most of the work done in this PhD is reported in a total of 

five papers. Analyses performed in different papers, important outcomes and how the analysis 

in one paper led to the research in another has been illustrated in Figure 4.1. The figure also 

depicts the interconnection between the papers. 

  

Paper 1 - SMP 2015 

Investigation of cavitation in waves 

 Not much change in cavitation 

 Pressure pulses and engine-propeller 

interaction could be important in waves 

Paper 2 - OMAE 2015 

Engine-propeller interaction in head waves 

 Vessel performance varies in waves 

Paper 4 - Journal of Applied Ocean Research 

Cavitation and pressure pulses for KVLCC2 

 Significant change in pressure pulses 

Paper 3 - Ocean Engineering Journal 

Propulsion performance in waves 

 Vessel performance can be better  

predicted considering wake change 

Paper 5 - Journal of Applied Ocean Research 

Propeller analysis for twin azipull propulsion 

 Increase in cavitation as well as  

pressure pulses in waves 

Engine-Propeller 

Interaction 

Cavitation and 

Pressure Pulses 

Detailed 

Investigation 
Similar analysis with 

different case vessel 

Figure 4.1 An overview of interlinks between research papers. 
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4.1.1 Paper 1: Analysis of propulsion performance of KVLCC2 in waves 

Paper 1 focuses on the performance of a propeller in the presence of waves. As we know, 

propellers are wake adapted for acceptable noise and vibration characteristics. However, wake 

adaption is done considering the calm water wake. Hence, wakes in the presence of waves were 

examined using BSRA wake criteria to see if the conditions in the presence of waves are more 

or less favorable as compared to calm water as far as cavitation induced noise is concerned. It 

was observed by using an unsteady panel method that the amount of cavitation does not change 

much despite the considerable variation in the wake (Figure 4.2). However, the wake gradient 

increases in the presence of waves as compared to calm water. Since the primary goal of wake 

adaption is to reduce the level of pressure pulses, it was concluded that although the amount of 

cavitation shows minimal change, cavitation induced pressure pulses should be examined in the 

presence of waves as increased pressure pulses can cause detrimental noise and vibrations. 

Propeller analyzed at constant RPM in different wake fields in the presence of waves showed 

substantial fluctuations in thrust and torque coefficients (Figure 4.3). Therefore, further 

investigations were required to study engine-propeller interaction in the presence of waves for 

possible dynamics and performance changes in a rough sea. 

Further analysis has been divided into two parts:  

1. Study of engine-propeller dynamics in the presence of waves 

2. The effect of waves on cavitation and pressure pulses 



SUMMARY OF PAPERS AND SUPPORTING WORK 

15 

 

  

Figure 4.2 Maximum cavitation in calm water and the presence of waves. 
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4.2 Engine-Propeller Dynamics 

4.2.1 Paper 2: Dynamics of a marine propulsion system with a diesel engine 

and a propeller subject to waves 

Due to notable fluctuations in thrust and torque in the presence of waves, it was necessary to 

investigate if load fluctuations affect the propulsion performance of the vessel. The experience 

of the industry also supported the notion that engine performance may change in the presence 

of large torque variations in the presence of waves. Therefore, in paper 2, engine and propeller 

models were coupled to obtain the realistic response of the propulsion machinery to observe 

the interaction between engine and propeller. Paper 2 investigates the effects of head waves on 

the propulsion performance of a ship regarding propulsive efficiency and engine performance. 

Simulations performed at constant ship speed indicated that the power, RPM and fuel 

consumption increase in the presence of waves (Figure 4.4, Figure 4.5) due to wake change 

even when added resistance is not included in the simulation since wake variation causes a 

change in hull and propeller efficiency. Consequently, in addition to added resistance, wake 

change, out-of-water effect and dynamic engine response are important in the calculations of 

power demand and fuel consumption in waves. However, further investigations are required to 

separate the influence of each of these factors to pinpoint the cause of performance drop. 
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4.2.2 Paper 3: The effect of waves on engine-propeller dynamics and 

propulsion performance of ships 

 The detailed investigations were performed in paper 3 to study the effects of wake change, 

engine-propeller dynamics, and propulsion losses in waves on vessel performance. Coupled 

model of engine, propeller, and vessel was extended to be able to simulate the vessel in waves 

with different heading angles. Average wake in waves was obtained considering the effect of 

pitch and surge motion of the ship along with wave-induced particle motion. The following 

formula was used for the computation of wake velocities utilizing the works of Ueno et al. [26] 

and Faltinsen et al. [27]- 

𝑉𝑡𝑜𝑡𝑎𝑙 = ((1 − 𝑤𝑃){𝑈 − 𝜔𝑒𝜉𝑎 sin(𝜔𝑒𝑡 − 𝜁𝜉)} + 𝛼𝜔ℎ𝑎 exp(−𝑘𝑧𝑃) cos 𝑋 cos(𝜔𝑒𝑡 −

𝑘𝑥𝑃 cos 𝑋)) √(1 −
Δ�̅�

0.5𝜌𝑈2) ___________________________________________________ (7) 

Simulations were performed in three different waves coming from five different directions for 

three wave amplitudes. Quasi-propulsive efficiency dropped in the presence of waves due to 

change in hull and propeller efficiency as a result of wake variation (Figure 4.6 and Figure 4.7). 

It should be noted that since the wake distribution is mainly of interest for cavitation and related 

effects, only the time-variation of the circumferentially averaged wake was considered in this 

study. Simulations with engine-propeller coupling were compared with those assuming 

constant RPM without using engine model to observe the importance of engine-propeller 

dynamics in the vessel performance prediction. Similarly, the importance of wake change was 

also studied. 

Combined effect of modeling engine-propeller coupling, wake variation, thrust and torque in 

waves caused maximum 40% change in quasi-propulsive efficiency as compared to simulations 

without considering these effects (Figure 4.8). However, modeling the wake change and 

propulsion losses brought down this change to maximum 4% that too only in cases where the 

engine is operating close to MCR (Figure 4.9). Hence, considering wake variation is more 

important for accurate prediction of vessel performance as compared to engine-propeller 

coupling. 
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Despite significant load fluctuations, relatively small changes in engine performance were 

observed in most of the cases. Engine fuel consumption was mainly dependent on engine power 

and RPM, irrespective of the load fluctuations. Moreover, investigations performed by Yum et 

al. [28] also support that the effect of load fluctuations on engine fuel consumption is negligible. 

Coupling the engine, propeller, and vessel dynamics can improve the prediction of ship speed 

and ship motions, since ship motions depend on ship speed, which is dependent on propulsion 

losses; and propulsion losses and wake variation are again a function of ship motions. As a 

result, such a tool can be effectively used to assess vessel performance in any environmental 

condition and not just the possibility of propeller emergence, but also the amount of propeller 

racing can be predicted. Effective weather routing of ships can be achieved using such a tool. 

Coupled simulations can be effectively used for the development of a safe and efficient control 

system by assessing its performance in different weather conditions beforehand. Individual 

components of the propulsion system, like the propeller shaft can also be examined in greater 

details with realistic inputs from both engine and propeller side. 

4.2.3 Supporting work  

4.2.3.1 Parameters affecting mean wake change 

In the engine-propeller coupled simulations, the propulsion performance of the ship changes in 

waves mainly due to change in time-averaged wake fraction. Thus, the factors that influence 

change in mean wake fraction have been investigated in more detail. The change in time 

averaged wake velocity, as explained in paper 3, is assumed to be due to the pitching motion of 

the ship. Mean wake velocities can be estimated as [27]: 

𝑉𝑚𝑒𝑎𝑛 = √(1 +
𝜔𝑒

2|𝜂5|2𝑥2

2𝑈2 )  𝑈 _________________________________________________ (8) 

At constant ship speed, 𝜔𝑒 (wave encounter frequency) would decrease with increase in 

wavelength in case of head waves. Whereas 𝜂5 (Pitch amplitude) will tend to increase with 

increase in wavelength. Relative contribution and the variation of these two parameters towards 

mean change in wake can be assessed from Figure 4.10 in the presence of different head waves 

at the design speed of the ship.  
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In addition to 𝜔𝑒 and 𝜂5, mean wake also depends on the ship speed, therefore, percentage 

change in mean wake has been computed at different ship speeds in different wavelength of 

head waves in Figure 4.11. Comparing Figure 4.10 with Figure 4.11, the maximum of mean 

increase in wake occurs at wavelengths lower than that showing largest pitch amplitude. The 

effect of mean wake change due to pitching motion of the ship is largest when wavelength to 

ship length ratio is between 1 and 1.5. Notably, ship speed or Froude number affects the 

percentage increase in the mean wake. When ship speed was reduced to half of design speed, 

the increase in mean wake changed from 2.5% at design speed to 15% at half of the design 

speed. It could be concluded that the effect of mean wake change could be more pronounced in 

the case of slow speed ships. 
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4.2.3.2 Factors affecting wake fluctuation 

Surge and wave-induced velocities are major contributors to the wake fluctuations in waves 

[26]. In order to compare the effect of these two factors, wake fluctuation due to surge was 

compared with the wake fluctuation due to wave-induced particle velocities in the case of head 

waves as seen in Figure 4.12. Variation of surge induced wake fluctuation with wavelength 

follows surge RAO as expected. Wave-induced wake fluctuation shows hardly any change with 

wavelength. Wave-induced wake fluctuation depends on various factors. In case of head waves, 

the effect of the hull is large for shorter waves thus causing significant amplitude reduction as 

they reach the propeller. Also in shorter waves, amplitude reduction with depth is stronger. 

However, smaller waves have a higher frequency, which leads to higher induced velocities. 

Due to the combination of these two effects, wave induced wake fluctuation remains almost 

constant with wavelength. 

4.2.3.3 Mean wake estimation using different methods 

As mentioned earlier, wake has been estimated using simple methods, which do not take into 

account the effect of hull shape on the wake. Faltinsen’s method used to estimate mean wake 

change assumes hull as a flat plate while Ueno’s method used for computing wake fluctuations 

uses a reduction factor for wave amplitude at the propeller to take into account the effect of 

wave diffraction. Therefore, for the accurate estimate of the variation in mean wake, potential 

flow methods like Shipflow can be used. 

KVLCC2 was simulated in the presence of head waves in Shipflow [29] and average potential 

wake was extracted; mean wake change and wake fluctuations were compared with those 

obtained from Ueno [26] and Faltinsen’s method [27] along with those observed in CFD 

simulations of KVLCC2 in waves [1]. 
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Figure 4.13 and Figure 4.14 show that all three methods give slightly different results. These 

figures are also meant to depict possible uncertainty in the estimation of mean increase and 

fluctuations in the average wake. It is also clear that simple methods also perform well in 

approximating wake in waves. 

4.2.3.4 Cause of change in engine performance 

Only small change was observed in fuel efficiency due to the effects of torque fluctuations in 

the presence of waves (less than 1% in most of the cases). Only in the following wave condition 

with 𝜆/𝐿=0.6 and A=5m, increase in fuel consumption was notable (around 2.5%). Further 

investigations into this particular case revealed that it was the effect of what is commonly 

known as ‘turbo-lag’. 

In the case of following sea, waves directly affect the propeller unlike in head sea where the 

propeller is partly shielded from waves due to the presence of the hull in front of it. So, wake 

fluctuations are larger in following waves, which cause large fluctuations in engine power. 

During the fluctuations when engine power is rising, turbocharger revs-up slower than the 

engine power due to turbo lag. Therefore, at a certain point, the amount of compressed air is 

insufficient to burn the amount of fuel as per the fuel rack position commanded by the 

controller. At this point, the smoke limiter function of the engine controller (governor) comes 

into play by limiting the amount of fuel as per the available compressed air, causing a drop in 
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shaft speed and a saturation of thrust (Figure 4.15). As a result, engine performance gets 

affected in terms of engine power and fuel efficiency. Further details about this can be found in 

[30]. 

4.2.3.5 Simulations in irregular waves 

All the simulations in paper 2 and paper 3 were performed in the presence of regular waves. 

However, irregular waves should be considered to simulate realistic conditions. One might also 

think that the engine control system may react differently in the presence of irregular waves, 

thus affecting the engine performance. Therefore, the tool of engine-propeller coupled 

simulations was extended to include irregular waves. Torque and shaft speed obtained in the 

irregular wave have been plotted in Figure 4.16 and Figure 4.17 respectively. Peaks in the shaft 

speed are due to propeller emergence causing a corresponding drop in the torque signal. Even 

in the presence of irregular waves, engine performance did not vary significantly (less than 1%). 

However, such time domain simulation can be useful for the assessment of the safety of engine 
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Figure 4.16 Torque variation at the propeller end of shaft in irregular wave of significant wave 

amplitude 5m and significant wavelength corresponding to λ/L = 1.6. 
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in different weather conditions as well as for evaluating the performance of various control 

systems in realistic conditions. 

4.2.3.6 Simulations with flexible shaft 

Earlier, engine-propeller interactions have been studied using an inertial shaft model. Thus, a 

flexible shaft model along with crankshaft kinematics was implemented in the system to 

investigate if shaft flexibility affects engine-propeller interactions. Simulations were performed 

in the presence of waves to compare the results of power, torque and RPM fluctuations using 

inertial and flexible shaft models. Comparison of shaft speed and propeller torque using inertial 

and flexible shaft model can be seen in Figure 4.18 and Figure 4.19. Including a flexible shaft 

instead of an inertial one did not change engine or propeller performance, as shaft frequencies 

getting affected due to flexibility are much higher than the frequencies that affect engine or 

propeller performance in waves. High frequency fluctuations in torque and propeller speed seen 

in the simulation with flexible shaft are due to the effect of individual cylinder firings. In the 

current simulation model, having flexible shaft is of limited use as different phenomena 

occurring in waves are of much lower frequency than those affecting the shaft dynamics. 

However, the model might be updated to include relevant effects like forces and moments of 

blade pass frequency in different conditions to study shaft vibrations in various conditions.  

Simulations of the starting maneuver can be performed for cases where it is required to pass 

barred speed range (range of RPM close to natural frequency of shafting system) as quickly as 

possible to reduce the load cycles. Due to EEDI regulations, new engines might not have enough 

additional power available to be able to accelerate the ship as quickly as required. Coupled 

simulations can help in identifying such issues in advance. 

Figure 4.17 Shaft speed variation in irregular wave of significant wave amplitude 5m and significant 

wavelength corresponding to λ/L = 1.6. 
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Figure 4.18 Shaft speed using flexible shaft and inertial shaft model in λ/L = 1.6. 

 

 

Figure 4.19 Propeller torque using flexible shaft and inertial shaft model in λ/L = 1.6. 
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4.3 Cavitation and Pressure Pulses 

4.3.1 Paper 4: Effect of waves on cavitation and pressure pulses 

As seen in paper 1, the amount of cavitation did not change much in the presence of waves 

despite notable wake variation. However, an increase in wake gradient was observed, which 

was the reason to investigate the level of pressure pulses in the presence of waves; the analysis 

included in paper 4 using KVLCC2 as a case vessel. 

While designing the propeller, efficiency is maximized while keeping the pressure pulses under 

a certain limit. Lowering the level of pressure pulses comes at the expense of efficiency. 

Therefore, accurately knowing the level of pressure pulses in realistic operating condition is 

necessary to maximize the propeller efficiency while making sure that the pressure pulses are 

under a certain limit. As propellers are adapted for calm water wake; it is necessary to 

investigate how they perform in the presence of waves where wake varies considerably. 

Although cavitation did not vary notably, pressure pulses increased significantly in the presence 

of waves, especially when the wavelength is close to the ship length. In most of the cases, 

pressure pulses in the presence of waves were higher than in calm water wake (Figure 4.20). 

This observation is important given the current practice of designing the propeller using calm 

water wake as an input in the absence of any wake data in waves. 

The analysis of propeller blade section revealed significant variation in section lift coefficient 

and cavitation number in the presence of waves as compared to that in calm water. At certain 

time intervals, there is a possibility of having pressure side cavitation, which is much more 

dangerous than suction side cavitation in terms of erosiveness and pressure pulses. Hence, 

propeller blades experience many different conditions in waves than that in calm water (Figure 

4.21). 

Effects of various factors affecting cavitation and pressure pulses were studied to find out the 

relative importance of ship motions, wake change, RPM variation, and speed loss so that 

important factors can be considered in the design stage of a propeller. It was observed that wake 

variation has by far the largest impact on propeller performance (Figure 4.22). Pressure pulses 

increased substantially when the wavelength was close to the ship length. 

This analysis serves a couple of purposes. First, it analyses the possible performance drop in 

the presence of waves e.g. pressure pulses may increase causing undesired vibrations in the 

structure along with an increase in noise levels. Second, knowing the wake distribution in worst 

intended operating condition can help us maximize the propeller efficiency while still avoiding 

the unwanted effects of cavitation and pressure pulses. 
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Figure 4.20 First harmonic of pressure pulses in waves considering wake change, ship motions and 
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Figure 4.22 Comparison of maximum increase in the first harmonic of pressure pulses due to different 

factors in the presence of waves. 
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4.3.2 Supporting work 

4.3.2.1 Grid dependence 

Propeller analysis using MPuF-3A in paper 4 has been performed using the fine grid on the key 

blade while coarse grid was applied on all other blades. The analysis was carried out to check 

if cavitation volume changes if the fine grid is used on all the blades. Cavity volume variation 

using the fine grid on all the blades has been compared with the one obtained using fine grid 

only on the key blade in calm water wake. The difference in the cavity volume is minor as seen 

in Figure 4.23. Moreover, the work is about comparing the cavitation volume variation in 

different wakes rather than exactly predicting the cavitation volume. 

4.3.2.2 Pressure pulses with increased load 

In some cases, maximum cavitation volume decreased along with the pressure pulses after 

increasing the propeller load i.e. after considering the speed loss. Cavitation volumes in one 

such case have been plotted in Figure 4.24 with and without speed loss. In the case of speed 

loss or increased loading, the cavity is present for a larger range of blade angles but maximum 

cavitation volume is lower. However, the decrease in maximum cavitation volume is small. 

0.0E+00

1.0E-04

2.0E-04

3.0E-04

4.0E-04

-180 -120 -60 0 60 120 180

C
av

it
y 

V
o

lu
m

e/
P

ro
p

el
le

r 
D

ia
.3

Blade Angle (Deg)

Fine grid on key blade Fine grid on all blades

Figure 4.23 Grid dependence of cavity volume variation. 
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Figure 4.24 Cavitation volume variation with and without speed loss in case when maximum 

cavitation volume and pressure pulses decrease in the presence of speed loss (𝜆/L=1.1, t/T= 0.30813). 
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4.3.2.3 Mean change in thrust and torque in waves 

In paper 4, the analysis has been performed considering ship motions as well as speed loss. An 

increase in wake velocities due to pitching motion will lead to lower KT whereas speed loss will 

tend to increase it. (Here both thrust and torque coefficients refer to KT and KQ averaged over 

one wave encounter period.) 

Thrust and torque coefficients were calculated in the presence of speed loss along with wake 

variation. The comparison of average KT and KQ in calm water, in the presence of wake change 

(at design speed of the ship), and in the case of wake change along with speed loss has been 

presented in Table 1. 

Table 1 Variation of average KT and KQ due to wake change and speed loss.  
KT 10KQ 

λ/L wake 

change 

wake change  

+ speed loss 

calm 

water 

wake 

change 

wake change  

+ speed loss 

calm 

water 

0.6 0.217 0.227 

0.219 

0.235 0.244 

0.238 1.1 0.200 0.213 0.221 0.232 

1.6 0.206 0.219 0.226 0.237 

 

As observed in Table 1, the combined effect of wake change and speed loss can lead to either 

higher or lower thrust and torque coefficients as compared to calm water KT and KQ, depending 

upon the wave condition. In the case of λ/L = 0.6, the effect of speed loss seems to dominate as 

KT is higher than in calm water. However, in the wavelength λ/L = 1.1, the effect of wake 

change is dominant as KT is lower despite the speed loss. In the case of λ/L = 1.6 both the 

factors seem to cancel each other since KT and KQ are very close to their calm water value. 

While comparing the effect of speed loss and wake change it is important to notice that speed 

loss has been calculated in irregular waves whereas wake change has been obtained in the 

presence of regular waves. Therefore, one would expect that the effect of wake change would 

be more pronounced in these calculations, leading to lower thrust and torque coefficients as 

compared to those in free running model tests. It could be the reason why thrust and torque 

coefficients are higher in free running model tests. Also, wake variation might be different at 

lower ship speed. However due to unavailability of wake data at lower ship speed, wake 

variation at design speed has been used also in the case of speed loss, which might not be 

accurate. 

4.3.2.4 Effect of wake change on tip loading 

Pressure pulses due to wake change in the presence of waves have been analyzed in paper 4. 

However, in addition to cavity volume variation, cavitating tip vortex can be a major source of 

noise typically occurring at frequencies higher than blade pass frequency. Currently, there are 

no reliable methods available to predict tip vortex noise. It is known that tip loading has an 

influence on the strength of the tip vortex [31] therefore, to avoid noise and vibrations, the tip 

is often unloaded at the expense of efficiency. In the presence of wake variation, tip loading 

should also be checked to analyze the probability of higher tip loading, which may cause 
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increased noise in the ship. Percentage change in blade tip circulation (at an instance when the 

blade is at 12 O’clock position) in waves as compared to calm water wake has been presented 

in Figure 4.25. The tip loading is lower than in calm wake for most time instances in the 

presence of three different waves. Which means the risk of noise due to cavitating tip vortex 

decreases in the presence of waves at least in this case. 

4.3.2.5 Effect of wake change on hub loading 

As the circulation changes along the blade, hub circulation should also be checked. Increased 

hub loading can cause the hub vortex to cavitate, which can cause erosion on the rudder that is 

placed downstream. Therefore, to observe the effect of wake variation, the average hub loading 

was compared with that in calm water. Unlike in the case of tip loading where the circulation 

at a single blade location has been compared, it would be appropriate to compare the average 

circulation of the hub. Hub-vortex cavitation depends on the intensity of the hub vortex formed 

due to individual vortices coming from the root of each blade. It can be observed from Figure 

4.26 that the hub circulation in the presence of waves is higher than that in calm water wake for 

most of the time intervals in each wavelength. Especially in λ/L = 0.6 the average hub loading 

is greater than calm water hub loading for all the time intervals. Figure 4.26 indicates that there 

is a higher probability of hub cavitation in the presence of waves than in calm water. 
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Figure 4.25 Percentage change in tip circulation in waves as compared to calm water wake. 
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4.3.3 Paper 5: Effect of waves on cavitation and pressure pulses of a tanker 

with twin podded propulsion 

In paper 4, an increase in pressure pulses was remarkable in the presence of waves. The ship 

hull studied, KVLCC2, is a single-screw ship with a full hull form and therefore a strong wake. 

The effect of waves on the wake and therefore on propeller performance depends on the 

geometry and other features of the ship. It has been attempted to reveal the reasons for the 

performance changes, but still it is clearly a need to study more cases to check the importance 

of waves on propeller performance, and whether the theories put forward based on the first case 

study will still hold. It can be expected that the effect of waves should be less important in the 

case of twin-screw ships or even more so in twin azipull arrangement, since there is less wake 

at the position of the propellers for such ships than for full-bodied single screw ships. Hence, 

in paper 5, an 8000 dwt tanker equipped with twin azipull propulsion was studied to obtain 

wake in waves, followed by cavitation and pressure pulses calculation. This ship is a concept 

design for a chemical tanker, designed by Rolls-Royce Marine and used in several research 

projects and studies, but never built. The full-scale vessel was simulated in the presence of three 

head waves using CFD. Contrary to the expectations, notable changes in wake were observed 

as in Figure 4.27. 

  

t/T = 0.0 t/T = 0.25 

t/T = 0.50 t/T = 0.75 

Calm water 

Figure 4.27 Wake in calm water and in the presence of wave having wavelength ratio 𝜆/L = 1.6. 
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Figure 4.28 Maximum cavitation in each wave condition only considering the wake change. 
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Figure 4.29 First harmonic amplitude of pressure pulses in waves only considering wake variation. 
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The propeller was analyzed in different wakes considering the effects of ship motion, dynamic 

wave pressure, RPM fluctuation and added resistance. Both cavitation and pressure pulses 

increased remarkably in the presence of waves, primarily due to wake variation as seen in 

Figure 4.28 and Figure 4.29. 

The maximum increase in the first three harmonic amplitudes of pressure pulses due to different 

factors affecting the propeller has been compared in Figure 4.30. The effect of wake variation 

is greater than the other factors, as in the case of KVLCC2. Therefore, in spite of having small 

influence of hull on the wake distribution, wake varies considerably in the presence of waves, 

causing an increase in cavitation as well as pressure pulses. Hence, considering wake variation 

is of importance for the propeller design even in the case of a ship with twin azipull propellers. 
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5. Conclusions and Future work 
The major contribution of this work is to develop and demonstrate a relatively simple method 

to study engine-propeller interactions in the presence of waves. The tendency of pressure pulses 

to increase in the presence of waves is one of the main conclusions of the work. Comparative 

study of the effect of different factors on cavitation and pressure pulses provides an essential 

information to propeller designers to further optimize propellers for efficient operation in 

waves. Detailed contributions and conclusions are presented in following sections. 

5.1 Original Contributions 

The work presented in the thesis is a step towards optimizing the propulsion system of ships in 

realistic operating conditions. The ways in which propulsion systems gets affected in waves 

have been studied along with the identification of which all propulsion performance indexes 

get affected. Original contributions of this thesis can be listed as follows: 

 Coupled model of engine, propeller, and vessel with wake estimation in waves has been 

built, which provides the capability to analyze any component of propulsion system like 

control system, shaft, etc. with realistic inputs from the engine as well as propeller side. 

 The model is capable of simulating a ship in the presence of regular or irregular waves 

of different wavelengths and waveheights coming from different directions. 

 Effects of waves on the engine, propeller, and vessel performance in terms of change in 

engine efficiency, engine power, propulsion efficiency and vessel speed have been 

investigated. 

 The importance of engine-propeller coupling and wake estimation in waves in the 

prediction of vessel performance has been analyzed. 

 Engine performance has been studied in the presence of waves considering the effects 

of wake variation, propeller emergence, and free surface effects. 

 Propeller performance has been analyzed in the presence of waves considering effects 

of wake variation, ship motions, speed loss and rpm variation to identify the relevant 

factors to be considered while designing propellers for operation in waves. 

 The effect of waves on propeller efficiency, cavitation, pressure pulses, hub loading and 

tip loading has been studied and compared with the performance in calm water to 

identify the extent to which different performance parameters get affected in the 

presence of waves. 

 The validity of calculating wake in waves using potential flow calculation for propeller 

analysis in waves has been studied. 
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5.2 Conclusions 

Findings of the analysis performed to examine the engine-propeller dynamics using the case 

vessel KVLCC2 are: 

 Wake variation, especially mean wake change in waves due to pitching motion of ship 

influences the performance of a vessel. 

 Mean change in wake is significant at low ship speed; it affects the quasi-propulsive 

efficiency. Therefore, modeling the wake variation and propulsion losses in waves can 

significantly improve speed and power prediction in the presence of waves. 

 Engine-Propeller dynamics has a minor impact on the propulsion performance except 

in cases where the engine is operating close to MCR. 

 Engine performance regarding fuel efficiency gets affected in waves only when mean 

load is low but load fluctuations are high. 

The effect of waves on propeller performance was analyzed using two case vessels; KVLCC2, 

which is single screw ship, and an 8000 dwt chemical tanker equipped with twin Azipull 

propulsion. General conclusions from this study can be stated as follows: 

 Pressure pulses created by a cavitating propeller increase substantially in the presence 

of waves. 

 Wake variation is the major factor affecting cavitation induced pressure pulses in waves 

in case of both case ships. Hence, it is recommended to consider the wake variation at 

least in one regular wave of length close to the ship length, due to practical difficulties 

related to determining the wake variations. 

 In the case of KVLCC2, the amount of cavitation did not change much in spite of 

noteworthy wake variation in waves; whereas cavitation increased considerably in the 

case of the chemical tanker. 

 In both cases, the propeller efficiency was dependent on average wake rather than wake 

distribution. 

 Calculation of wake variation in waves using potential flow method is not sufficiently 

accurate to be used for assessing propeller performance in terms of cavitation and 

pressure pulses. 

 Effect of waves on propeller performance is largest when the wavelength is close to ship 

length. 
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5.3 Limitations and Future Work 

Engine-propeller interactions have been studied using one case vessel that is KVLCC2. 

Therefore, the conclusions obtained from this study might not apply to other configurations of 

hull, propeller, and engine. Although this study provides an idea about potential factors 

affecting the propulsion in waves along with likely impact, more such studies are necessary to 

draw any generalized conclusions regarding the importance of engine-propeller interactions in 

waves. Also, the type of engine, and settings of the engine controller is believed to be important, 

as well as engine system – for instance diesel-electric power plant. This emphasizes the need 

for further studies of engine-propeller interaction in waves. 

The coupled model of engine and propeller should be compared with full-scale data to see if all 

the important effects are captured in the model. Currently, each model in the simulation has 

been validated, however, the behavior of coupled system needs to be confirmed. 

In the study, wake variation in waves has been estimated, but thrust deduction has been assumed 

constant. From the literature, it is known that thrust deduction also varies in the presence of 

waves, yet there are no available methods to predict the variation, outside of model experiments 

and complete CFD simulations. Once the change in thrust deduction is taken into consideration, 

change in propulsive efficiency in the presence of waves can be predicted more accurately. 

Thus, an analysis method to simulate or calculate thrust deduction in the presence of waves is 

required. 

While analyzing the propeller performance regarding cavitation and pressure pulses, propellers 

have been analyzed only in case of regular head waves of fixed waveheight due to limited 

availability of wake data. The propeller should also be analyzed in irregular waves as well as 

in waves coming from different directions. Effects of wake variation are supposed to be less 

pronounced in the case of irregular waves, as ship motions and added resistance are often higher 

in regular waves as compared to that in irregular waves. Head waves are often thought to be the 

most severe condition; however, as far as wake variation is concerned, following waves might 

also have a noteworthy impact as these waves can directly affect the propeller without being 

shielded by the hull. 

Pressure pulses vary significantly in the presence of waves. Integration of pressure pulses on 

the hull creates a vertical force on the stern region, which affects the hull vibrations. However, 

pressure pulses need a medium of water to influence the hull. Due to relative stern motion in 

waves, the wetted part of the stern may be reduced, leading to limited part of hull getting 

affected by pressure pulses thus reducing total force on the stern. Therefore, the analysis should 

be performed to take into account the stern submergence along with the level of increase in 

pressure pulses. 
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ABSTRACT  

In this paper, we have analyzed the propulsion performance 

of KVLCC2 in presence of waves. Different factors affecting 

the propulsion performance have been studied. Analysis of 

the extent of change in wake quality and its effect on the 

cavitation of propeller has been presented. Effect of wake 

change alone was separately calculated to analyze its 

importance in the design process, as wake data in waves is 

usually not available. It was observed that wake change itself 

does not significantly affect the amount of cavitation hence; 

cavitation margin should be considered only to handle 

increased load and relative stern motion. 

Keywords 

Cavitation Analysis in Seaway, Propeller in Waves, 

Performance in Off-Design Conditions. 

1 INTRODUCTION 

Currently, propellers are designed using wake, thrust 

deduction and relative rotative efficiency obtained in calm 

water conditions. These factors vary when ship is subjected 

to waves (Moor and Murdey 1970). Wake distribution also 

changes due to waves and ship motion (Nakamura and Naito 

1975). Similar results were obtained in the RANS simulation 

carried out by Guo, Steen et al. (2012) where the nominal 

wake field was obtained in the presence of waves. In this 

simulation, axial wake velocities increased up to 35% of ship 

speed in some regions. Such changes in the wake distribution 

of a ship travelling in waves were experimentally confirmed 

by Wu (2013) using KVLCC2 ship model. PIV 

measurements of wake field found strong variation in 

presence of waves. 

In view of this recently obtained data, which demonstrates 

significant effect of waves on wake, a possible drop in the 

performance of the propeller should be calculated. Full-scale 

experiments performed by Kayano, Yabuki et al. (2013) 

found a discrepancy between the calculated and obtained 

performance of the ship. This can be due to inability of 

prediction methods to take into account the effect of waves 

on the propulsion performance. Currently, off-design 

conditions are covered by simple sea margin, which may 

result in overdesign or failure in off design conditions. 

Therefore, previously considered assumptions and margins 

should be revisited and updated by detailed knowledge of 

propeller performance in waves. 

Along with the efficiency of the propeller, cavitation and 

vibration characteristics should be studied in presence of 

waves as they depend on the wake distribution (Odabasi and 

Fitzsimmons (1978) and Huse (1974)). Moreover, a change 

in wake distribution changes the angle of attack and the 

cavitation number of the propeller blades as shown by Albers 

and Gent (1985). Chevalier and Kim (1995), Jessup and 

Wang (1996) studied the cavitation of a propeller operating 

in waves by calculating wake velocities using potential flow 

calculations. Drop in the cavitation inception speed of a 

vessel was observed in waves. 

The cavitation characteristics of propellers designed using 

calm water wake data must be studied in order to validate 

currently used cavitation margins, so that future propellers 

can be designed for low cavitation and noise along with 

acceptable performance even in rough weather. 

In this paper, we have evaluated the performance of the 

KVLCC2 propeller operating in waves. Time varying wake 

data in three different wavelengths provided by Sadat-

Hosseini, Wu et al. (2013) have been used. The effect of 

waves on changes in the angle of attack and the cavitation 

number of propeller blade sections has been studied. The 

effect of wake change and relative stern motion has been 

separately observed to decide the order of importance of each 

effect. The effect of this time varying wake on vibration and 

noise characteristics of the propeller has been calculated 

using the BSRA wake criteria given by Odabasi and 

Fitzsimmons (1978). Other possible factors causing changes 

in propulsion performance in waves have been noted. 

 

2 METHODS AND VALIDATION 

2.1 Wake Data in Presence of Waves 

Experiments were performed by Sadat-Hosseini, Wu et al. 

(2013) to obtain wake data in three different wavelengths in 

head sea condition at design speed. A model of KVLCC2 was 

used for this purpose with model scale of 1:100. Ship 

particulars are given in Table 1 (SIMMAN 2008). In these 



experiments, PIV (Particle Image Velocimetry) was used to 

obtain time varying nominal wake field in the propeller 

plane. CFD simulations were also performed and results were 

validated using existing data from PIV experiments. Since 

the CFD data are smoother and less noisy, we have used them 

in our calculations. These results were available for waves 

𝜆/𝐿 = 0.6, 1.1 and 1.6 at 8, 12 and 6 time intervals 

respectively in one wave period. Waveheight of these waves 

correspond to the full-scale waveheight of 3m. 

 

Table 1 Ship Particulars 

Length beween perpendiculars (m) 320.0 

Length at water line (m) 325.5 

Breadth at water line (m) 58.0 

Depth (m) 30.0 

Draft (m) 20.8 

Displacement (m3) 312622 

Block coefficient (CB) 0.8098 

Design Speed (m/s) 7.97 

 

Table 2 Propeller Geometry 

Diameter (D) (m) 9.86 

No of blades 4 

Hub diameter (m) 1.53 

Rotational speed (RPM) 76 

𝐴𝑒  / 𝐴0 0.431 

(P/D)mean 0.690 

Skew (°) 21.15 

Rake  (°) 0 

 

2.2 Wake Quality Assessment 

In the preliminary investigation of the wake data in waves, 

the quality of wake was assessed and compared with the 

quality of the calm water wake using the BSRA wake criteria 

proposed by  Odabasi and Fitzsimmons (1978). These criteria 

are based on a large collection of wake distribution data and 

noise and vibration characteristics of full-scale ships. Five 

conditions are mentioned for assessing the wake. Although 

satisfying these conditions does not guarantee good vibration 

and noise characteristics, it is recommended to be extra 

careful when the conditions are not met. For our purpose, 

these simple criteria are useful to assess the extent to which 

waves can affect vibration and noise characteristics without 

using any particular propeller geometry. 

 

2.3 Wake Contraction Method 

For further investigation of the performance of the propeller 

operating in waves, scaling of wake data from model scale to 

full scale was required. According to ITTC (2011), the wake 

scaling procedure given by Sasajima, Tanaka et al. (1966) is 

most commonly used and gives reasonable results. In this 

method, only viscous wake is scaled and a correction is 

applied to the potential component. However, in the absence 

of potential wake data, we have contracted the whole wake 

field towards the center plane by the ratio of viscous 

resistance coefficient between model and full scale. Hence, 

the difference between potential wake component of model 

and ship has been neglected. 

Potential wake is almost constant in a horizontal section in 

the propeller plane as seen from the typical ship scale wake 

presented in ITTC (2011). In such cases, the same full-scale 

total wake would be obtained by scaling the total wake or just 

the frictional component of the model-scale wake. The only 

error would be due to the neglected correction in the potential 

wake. 

 

2.4 Software Validation Using Existing Data 

After the initial wake assessment, a detailed study of 

propeller operating in presence of waves was performed. 

Existing KVLCC2 propeller design was analyzed in time 

varying wake. Details about propeller geometry can be seen 

in Table 2 (more details can be obtained from SIMMAN 

(2008)). The open source program Openprop based on vortex 

lattice lifting line theory (Epps 2010) has been used for this 

purpose. 

Openprop requires blade section details, corresponding 

frictional drag coefficient, advance coefficient, axial and 

tangential wake velocities and at each radial location for the 

analysis. Blade section details can be found in SIMMAN 

(2008). Javafoil was used for the calculation of frictional 

drag at each radial section for the given Reynolds number. It 

uses panel method to calculate velocity profile and pressure 

distribution over the foil section. Using these pressure and 

velocity distributions, boundary layer calculations are 

performed where drag is calculated using momentum loss in 

the boundary layer (Hepperle). 

 

Figure 1 Comparison of Openprop and open water data of 

KVLCC2 propeller 
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Openprop is based on steady lifting line theory. As we know, 

a propeller operating even in calm water condition faces time 

varying inflow due to spatial variation of wake. Such cases 

should ideally be analyzed with unsteady calculations. 

Gaggero and Brizzolara (2009) have shown that a quasi-

steady approach also gives good results compared to fully 

unsteady calculations. In their research, the quasi-steady 

approach was seen to correctly predict the change in thrust, 

torque and efficiency between propeller and its modified 

version. Hence, we have used quasi-steady approach for our 

analysis. Openprop analyzes propeller in a steady flow with 

only radial wake variation, however, in reality there is 

angular as well as radial variation of wake. Hence, 

performance of the propeller with four blades facing different 

radial wake distribution was assumed to be the average 

performance of four hypothetical propellers, each facing the 

radial wake distribution faced by each blade. 

Performance of Openprop with frictional drag obtained from 

Javafoil was validated by comparing open water 

characteristics with the experimental data. Thrust, torque and 

efficiency in open water condition obtained using this 

approach match well with the experimental data as can be 

seen from Figure 1. 

Openprop has also been used to predict the cavitation on the 

propeller blades. In order to calculate the cavitation, pressure 

distribution over the foil has been calculated using linear foil 

theory; possible effects of viscosity have been neglected. 

Areas where pressure falls below the vapor pressure is 

assumed to cavitate. The cavitation bucket can be obtained 

by observing the angle of attack and cavitation number at 

which cavitation starts. Cavitation buckets were plotted for 

foils with three different combinations of camber and 

thickness. These plots were compared with those obtained by 

Brockett (1966) where minimum pressure envelopes were 

calculated for steady two dimensional flow with an empirical 

correction for the viscosity.  There is discrepancy in the exact 

values of the angle of attack where cavitation inception is 

predicted. However, Openprop correctly predicts the 

cavitation inception trends as seen in Figure 2. Even though 

more complicated and accurate theories like lifting surface 

theory and cavitating foil theory are available to predict exact 

cavitation pattern, change in efficiency, thrust and torque of 

a cavitating propeller; we have used this simple theory since 

we are interested in comparing the performance of a propeller 

in waves with that in calm water, rather than very accurately 

predicting the performance in cavitating condition. Thus, 

correct prediction of trends would serve the purpose. 

While calculating the cavitation pattern, depth variation of 

the propeller due to ship motion was also taken into account. 

Relative stern motion was calculated using the motion 

response of the ship. All the analysis was performed at 

constant rpm. Hence, variation of rpm due to time varying 

torque was neglected in the analysis, which may cause some 

inaccuracies. 

 

3 ANALYSIS 

3.1 Wake Assessment in Presence of Waves 

Vibration and noise characteristics of a propeller depend on 

the wake field in which it operates. Odabasi and Fitzsimmons 

(1978) have listed certain criteria to be fulfilled by the wake 

distribution for low noise and vibration. Time varying wake 

in waves will now be compared with the calm water wake 

field considering four out of five BSRA wake criteria. 

Criterion 1 –  

The maximum wake measured inside the angular 

interval 𝜃𝐵 = 10 + 360/𝑍  degrees and in the range 0.4–
1.15𝑅 around the top dead center position of the propeller 

disc should satisfy the following: 

𝑊𝑚𝑎𝑥 < 0.75 𝑜𝑟 𝑊𝑚𝑎𝑥 < 𝐶𝐵 

whichever is smaller. Where 𝑍 is the number of 

blades. 𝑊𝑚𝑎𝑥 has been obtained at given locations at 

different times in one wave period to compare with the value 

observed in calm water. Values greater than that in calm 

water can increase vibration and noise. 
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Figure 2 Comparison of cavitation bucket diagrams obtained from Openprop with those calculated by Brockett (1966) 

 



Figure 3 Comparison of wake peak observed in waves and 

in calm water 

 

Variation of 𝑊𝑚𝑎𝑥 in different waves can be seen in Figure 

3. When the wave is shorter than the ship, the maximum 

value of wake is always smaller than in calm water. In the 

longest wavelength, only few values are greater than that in 

calm water. While, when wavelength is close to ship length, 

𝑊𝑚𝑎𝑥 in wave is higher than that in calm water for almost 

50% of the time as seen from Figure 3. Hence, this condition 

is not greatly affected due to waves except in case of 

wavelength close to ship length.  

Criterion 2 –  

The maximum acceptable wake peak should satisfy the 

following relationship with respect to the mean wake at 0.7R: 

 

𝑊𝑚𝑎𝑥 < 1.7�̅�0.7 
 
Therefore, (1.7�̅�0.7 − 𝑊𝑚𝑎𝑥) was plotted in different 

wavelengths, at different times in time varying wake and 

compared with the calm water condition (Figure 4). Value of 

this variable should be positive for the criterion to be 

satisfied.  

Figure 4 shows that this condition would be most stringent if 

it is to be satisfied in wavelength 𝜆/𝐿 = 1.1. Since, all the 

values of (1.7�̅�0.7 − 𝑊𝑚𝑎𝑥) are lower than that in calm 

water and many of them are negative. Also in the 

wavelength 𝜆/𝐿 = 1.6, values lower than that in calm water 

are observed for almost 50% of the time period. Hence, in 

case of designs where this condition is just satisfied in calm 

water, its violation is highly probable in presence of waves. 

This gives us an idea about the margin to be considered while 

satisfying this condition in realistic sea when only calm water 

wake data is available. 

Figure 4 Comparison of wake with respect to criterion 2 

 

Criterion 3 –  

Wake non-uniformity criterion is important to avoid 

unsteady cavitation and high levels of pressures on the hull. 

In this criterion, tip cavitation number is plotted against 

average non-dimensional wake gradient. Tip cavitation 

number is defined as- 

 

𝜎𝑛 =
(9.903 – 

𝐷
2

 – 𝑍𝑝  +  𝑇𝐴)

0.051(𝜋𝑛𝐷)2 
 

 

while average non-dimensional wake gradient is defined as 

(𝛥𝑤/(1 − 𝑤)), where 𝐷 is the propeller diameter (m). 𝑍𝑝 is 

the distance between the propeller shaft axis and the base line 

(m). 𝑇𝐴 is the ship’s draught at the aft-perpendicular (m). 𝑛 is 

the propeller rotational speed (rev/s). 𝛥𝑤 is the wake 

variation. Plotted point should lie above the dividing line of 

Figure 5 to satisfy the criterion.  

Figure 5 Wake non-uniformity criterion 
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Figure 5 shows the plot for this criterion in three different 

head waves. Variation in cavitation number is due to change 

in the submergence of the propeller due to ship motion while 

change in the horizontal axis variable (wake gradient) is due 

to wake variations in waves. Wake gradient is becoming 

favorable (i.e. less) in more cases than in those it is getting 

worse than the calm water value. Some values are present in 

the unacceptable region, which may cause intermittent 

cavitation and vibration while ship is travelling in waves. 

Figure 5 also provides the information about the extent to 

which waves can worsen the cavitation and vibration 

characteristics of the propeller. Therefore, appropriate 

cavitation margin can be considered for the calm water 

design to have acceptable cavitation and vibration 

performance in waves. 

Criterion 4 –  

For the propellers susceptible to the cavitation, that is near 

the grey area of Figure 5, the local wake gradient per unit 

axial velocity for radii inside the angular interval 𝜃𝐵 in the 

range of 0.7–1.15𝑅 should be less than unity; that is, 

 

1

(
𝑟
𝑅

)
|

(
𝑑𝑤
𝑑𝜃

)

(1 − 𝑤)
| < 1.0  

 

where 𝜃 is in radians. 

This criterion limits the wake gradient in order to reduce 

volume variations of the cavity. It is required only when the 

relation between wake gradient and cavitation number lies in 

the grey area in Figure 5. However, here we are more 

interested in comparing quality of wake in waves with calm 

water wake. Hence, local wake gradient for unit axial 

 
Figure 7 Wake gradient at w/L=1.6 at different time intervals 

as a function of angular position 

 

velocity was calculated (Figure 7) and maximum value was 

obtained in the angular interval 𝜃𝐵 in the range 0.7R to 

1.15R. This maximum value obtained at different time 

intervals of wave period is plotted in Figure 6.  

As seen in Figure 6, from 0.7R to R, in wave  𝜆/𝐿 = 0.6 

values of wake gradient hardly exceed corresponding calm 

water value. While in wavelengths 𝜆/𝐿 = 1.1 and 1.6 local 

wake gradient is higher than calm water value for 

approximately 66% and 33% of the time respectively. At r = 

1.1R almost all the wake distributions in waves show higher 

local gradients. Amount of exceedance, whenever it occurs 

is considerable. Moreover, in this case, all the values 

including those in calm water exceed the criterion limit, i.e. 

all values are greater than one. Therefore, points lying in grey 

or unacceptable region in Figure 5 are the cause of concern. 

Since, unstable cavitation in large wake gradient can cause 

significant amount of noise due to the cavity volume 
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Figure 6 Maximum wake gradient at different time intervals in three different wavelengths 

 



variation. Radial section r/R = 1.1 is analyzed since there is 

chance of wake at that location coming in way of propeller 

due to propeller action (contraction of stream tube). 

 

3.2 Propeller Analysis Using Openprop 

After analyzing the wake quality, propeller geometry of 

KVLCC2 ship was examined in time varying wake using 

Openprop. As noted earlier, significant change in the wake, 

observed in presence of waves is expected to affect the 

operation of wake-adapted propellers. Although wake 

assessment gives some idea about possible cavitation, 

examining the propeller geometry can reveal additional 

details like changes in the type and the extent of cavitation, 

thrust and torque fluctuations. Therefore, performance of the 

propeller in waves was compared with that in calm water. 

 

3.2.1 Effect of Waves on Cavitation 

Propeller cavitation is affected by the following factors in the 

presence of waves:  

1. Relative stern motion causing change in the 

cavitation number 

2. Change in wake field leading to alteration of inflow 

velocities and blade angle of attack 

3. Added resistance causing increased propeller 

loading 

Out of these three, relative stern motion and added resistance 

of ship can be estimated at the design stage, while 

considering the effect of wake change is tough. Wake in 

waves can be obtained either experimentally or 

computationally. Experimentally finding time varying wake 

is not a common practice, it would require specialized 

instruments like PIV. Moreover, multiple runs would be 

required to find wake in different wavelengths. 

Computationally finding wake variation in waves is also 

expensive. Therefore, it is important to know the extent to 

which the wake change alone influences the propeller 

performance, especially due to significant changes in the 

wake field observed in presence of waves. 

Therefore, propeller design was analyzed in time varying 

wake using the method based on the lifting line theory. These 

calculations were also used to predict the extent of cavitation 

on the propeller blade along with thrust and torque 

fluctuations in different conditions. 

Cavitation Number and Blade Angle of Attack – 

While designing the propeller, the knowledge of variation in 

the angle of attack and cavitation number is important to 

choose correct blade thickness. However, certain cavitation 

margin has to be assumed for possible off design conditions 

including the ship operation in rough sea, as wake in waves 

is rarely available. Therefore, since wake data in waves is 

available in this case, the correctness of cavitation margin has 

been analyzed further. This would help propeller designers 

to estimate the change in the extent of cavitation in presence 

of waves as compared to the calm water condition. 

Figure 8 Cavitation number and angle of attack faced by propeller blade section at 0.7R in calm water and in waves 
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Cavitation characteristics of the propeller were examined in 

presence of waves. Cavitation numbers and angle of attacks 

faced by the blade section at 0.7R were plotted along with the 

cavitation bucket of the blade section. Plotted points for the 

calm water condition correspond to sixteen different angular 

positions of the blade as it rotates in the calm water wake. 

While points in waves correspond to eight different angular 

positions of the blade at ten different time intervals in one 

wave period. This can be seen in Figure 8.                     

In Figure 8, influence of wake change and relative stern 

motion was analyzed while effect of added resistance was not 

considered. Out of these two, relative stern motion only 

affects the range of –Cpmin and not angle of attack; since it 

affects only cavitation number. While, wake change can 

affect both the variables. Spread in the values of –Cpmin is 

predominantly due to relative stern motion. In all 3 cases, the 

effect of wake variation does not decrease the minimum 

value of –Cpmin seen in calm water. Maximum of half a 

degree increase in angle of attack can be seen due to wake 

variation only in wavelength w/L = 1.6. In other two waves, 

no significant change in maximum or minimum angle of 

attack is observed. Similar trends were observed at other 

blade sections as well. 

Cavitation Due to Wake Variation – 

Due to wake variation alone, there is no increase in the range 

of cavitation numbers while angle of attack increases slightly 

in some cases as compared to the calm water condition. 

Influence of this slight increase in the angle of attack (only 

due to wake variation) on the extent of cavitation can be seen 

in Figure 9 where maximum amount of cavitation in each 

condition has been plotted. No significant change in 

cavitation is seen due to the effect of wake variation. This 

observation is in line with the earlier result of cavitation 

bucket diagram. Since spread of operating points is similar to 

the one obtained in calm water wake, similarity in the extent 

and pattern of cavitation is expected.  

These results obtained using quasi-steady approach were 

validated using fully unsteady simulations with cavity 

volume calculations. The unsteady panel method software 

AKPA, developed by MARINTEK and University of St. 

Petersburg, was used to simulate the propeller in calm water 

Figure 9 Propeller cavitation in different conditions 

 

In calm water In wave 𝜆/𝐿 = 1.6  

Figure 10 Unsteady simulation results of propeller in calm water and in wave 

 



wake and in case of 𝜆/𝐿 = 1.6 where maximum increase in 

cavitation volume was observed in Figure 9. Effect of wake 

change alone was considered in order to compare the results 

with those in Figure 9. For the simulation in presence of 

wave, wake at the time instance showing maximum 

cavitation in Openprop simulation was chosen. Time period 

of the propeller being much smaller than that of wake 

variation, wake field was assumed constant in this unsteady 

simulation. Cavitation pattern obtained from this analysis can 

be seen in Figure 10.  

Unsteady panel method (Figure 10) show significantly less 

cavity volume as compared to Openprop (Figure 9). 

However, maximum cavitation seen in presence of waves 

hardly differs from the cavitation in calm water, as can be 

observed in Figure 10. 

Effect of Waves on Cavitation – 

Therefore, the effect of wake change, excluding other factors, 

on the cavitation is minor in spite of significant changes 

observed in the wake field. This can be due to the large 

induced velocities as compared to the wake velocities, and 

that even though the change of wake pattern due to waves is 

quite significant, the critical features, like maximum wake 

and wake gradient don’t worsen much. The effect of such 

wake variation could be more pronounced in case of a lightly 

loaded propeller. It is important to note that this analysis has 

been performed using wake data in regular waves of fixed 

waveheight. Therefore, influence of waves can increase in 

case of higher waves. However, effects are expected to be 

less severe in irregular waves with significant waveheight 

equal to the height of the regular wave. 

Increased load caused by added resistance increases the angle 

of attack of blade sections making them susceptible to 

backside sheet cavitation. In this case, since propeller is 

already cavitating in calm water wake, increased load will 

increase the extent of this cavitation. However, as noted 

earlier, this effect can be easily taken into account while 

designing the propeller, since the increased propeller load 

can be calculated from the added resistance. 

 

3.2.2 Thrust and torque fluctuations in waves 

Along with the changes in cavitation and vibration 

characteristics, wake variation also causes thrust and torque 

to fluctuate. The amount of these fluctuations should be 

examined to see if they affect the operation of the engine. 

Fluctuations of KQ at constant propeller rpm obtained using 

Openprop can be seen in Figure 11 for three different 

wavelengths. Maximum fluctuation is evident when 

wavelength is equal to the ship length. Change in mean value 

of KQ as compared to the calm water value is due to the 

increase in average inflow to the propeller caused by the 

pitching motion of ship. 

Figure 11 Variation of KQ in waves  

 

Fluctuations in KQ have been calculated assuming constant 

propeller rpm while in reality rpm is a function of torque and 

engine behavior.  

These variations in torque can cause transients in engine 

operations, and might influence engine performance 

negatively. Here it is important to observe the magnitude of 

torque fluctuations. Furthermore, engine simulation should 

be carried out with this torque input in order to calculate 

effect of torque fluctuation on engine operations, and its 

efficiency and emissions. The changes in the propeller speed 

due to engine response can be taken into account in the 

propeller analysis, in order to “close the loop”. 

 

4 CONCLUSION 

We now have an information about an extent to which the 

criteria required for good noise and vibration characteristics 

get affected due to waves. Hence, in future designs 

appropriate margins can be considered for the similar type of 

vessels. However, such analysis should be performed for the 

variety of ships for multiple propeller loadings in order to 

generalize the results. 

As per the analysis, it seems, presence of waves does not 

significantly affect cavitation in spite of large changes 

observed in the wake field. Thus, a margin for cavitation 

would mainly be required for increased loading, relative stern 

motion and not much for the wake change due to waves. 

Therefore, in practice the required margin can be estimated 

using added resistance and relative stern motions. 

Vibration and noise characteristics have been analyzed using 

the BSRA wake criteria. However, more advanced 

techniques should be used to quantify the pressure pulses in 

different wakes. Pressure pulses may increase since higher 

wake gradients were observed in presence of waves. 

Present analysis being in regular waves gives conservative 

estimate of the effect of waves on the propeller performance. 

We expect the effects to be less severe in case of irregular 
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waves. It should also be mentioned that current wake field in 

waves is obtained at model scale corresponding to the actual 

waveheight of 3m for a 340m long ship. Hence, there is a 

possibility of larger performance changes in presence of 

higher waves. Thus, it would be of interest to perform a 

similar investigation, but for a significantly smaller ship. 

Significant fluctuations observed in propeller torque in 

waves should be analyzed further to calculate its effect on the 

engine operation. Coupled response of engine and propeller 

should be obtained to examine the effect of waves on whole 

propulsion system. 
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DISCUSSION 

Question from Tom van Terwisga 

Did you check the cavitation effect for the ship in waves 

considering an unsteady method and did you look at the 

corresponding unsteady pressure variations? 

Author’s Reply 

Along with lifting line method, cavitation analysis was also 

performed using unsteady panel method with cavity volume 

calculations using the software AKPA as mentioned in the 

paper. However, wake was assumed quasi steady i.e. 

calculations were performed for wake distribution at 

different time intervals. Wake variation was assumed 

constant in time in each calculation. We believe that quasi-

steady wake assumption is reasonable since the frequency of 

wake variation is much smaller than the frequency of 

propeller rotation. 

The effect of change in cavitation number due to relative 

stern motion has been taken into account using hydrostatic 

approximation. Hence, the effect of dynamic pressure due to 

wave has been ignored. However, we agree that it would have 

been interesting to include the effect of unsteady pressure 

variations on the propeller performance. 

Question from Johan Bosschers 

Can you say something about the influence of the change in 

transverse velocities on the results? Is the influence of ship 

motions included? 

Author’s Reply 

In some cases, transverse velocities show significant change. 

We believe, change in transverse can affect the tip vortex 

inception, which has not been studied in this paper. 

Transverse velocities can affect the cavitation due to change 

in the blade angle of attack. However, total induced velocities 

being much larger compared to the transverse velocities, any 

recognizable effect due to transverse velocities alone was not 

observed in the analysis. 

Ship motions influences the propeller in two ways. Part of 

wake variation is due to ship motion and cavitation number 

changes due to change in propeller immersion. Influence of 

wake variation on propeller operation has been studied in 

detail in this paper as wake data in waves was obtained for 

the ship free to heave and pitch. The effect of variation in 

propeller immersion has been compared with the effect of 

wake variation in Figure 8.  

Question from Moustafa Abdel Maksoud 

Did you consider the effect of added resistance on the amount 

of cavitation on the propeller surface? Do you think that the 

following wave condition is more critical than the head 

waves one? 

Author’s Reply 

In this paper, added resistance has not been considered, since 

wake data was available for the design speed of ship and 

since considering the added resistance would change the ship 

speed as well as motion response, leading to significant 

changes in wake. Even if the speed could be kept the same 

by increasing the shaft power to compensate for the added 

resistance, this change in propeller operating point means 

that we would not be able to single-out the effect of the wake 

change. However, the effect of added resistance is planned to 

be included in future studies.  

Following wave condition can be more critical as waves 

would be directly affecting the propeller. However, authors 

are not aware of any measurement data or computations of 

wake in following waves. Limited availability of wake data 

is in general a limitation for analyzing propeller in waves. 

Question from Mehmet Atlar 

Interesting paper. The authors may also consider the BSRA 

criteria of Odabasi and Fitzimmons in terms of propeller-

excited vibrations (PEV) since these two authors provided 

diagram (i.e. criteria) for cavitation and PEV assessment in 

their work (i.e. similar to the diagram in Figure 5 of the 

paper) that would be interesting to compare with the 

performance in waves. 

Author’s Reply 

The paper mentions the Odabasi criterion. We believe, this is 

same as the BSRA criteria you mention. We have used the 

opportunity to update the paper so that it now also refers to 

this as the BSRA criterion.
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a b s t r a c t

This paper investigates the effect of waves on the propulsion system of a ship. In order to study the
propulsion in different wave conditions, a procedure for wake estimation in waves has been im-
plemented. A clear drop in the propulsion performance was observed in waves when engine propeller
dynamics, wake variation and thrust and torque losses were taken into account. This can explain the
drop in vessel performance often experienced in presence of waves in addition to the effect of added
resistance. Therefore, performance prediction of ships in rough weather can be improved if the effects of
waves on the propulsion system are considered. Specific problems causing drop in performance have also
been identified. System response in case of extreme events like propeller emergence has been simulated
for analyzing the performance and safety of the propulsion system. The framework of engine-propeller
coupling demonstrated in this paper can also be used to analyze different components of propulsion
system (e.g. propeller shaft, control system) in higher detail with realistic inputs. This paper is a step
towards optimizing the propulsion of ships for realistic operating conditions rather than calm water
condition for energy efficient and economic ships.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Traditionally, ships have been optimized for calm water opera-
tion, because this is the intended condition during the contractual
sea trials, and probably also because one has not had the knowledge
and tools to optimize ships properly for operations in waves. Ships
have of course been designed to be safe in all operational conditions
they are supposed to be used in, but not to be optimally efficient in
the typical operation condition, which for most ships is not calm
water. Optimization for operation in waves is increasingly viable,
and so it is expected that more energy-efficient and economical
ships can be designed if seakeeping and powering in waves is taken
into account in the design optimization.

Currently, propulsion plants are optimized for calm water op-
eration. While off-design conditions like rough weather are taken
care of by adding simple sea margin to the required power. Sea
margin is typically 15–25% of the power required in calm water
condition. However, to optimize the installed engine size, sea
margin should be accurately calculated based on the performance
of ship in worst intended operating condition, so that minimum
possible engine power can be used while still ensuring safety and

performance of vessel. Various factors affecting the ship perfor-
mance in waves can be seen in Fig. 1.

The effects of waves on the propulsion system are yet to be
clearly understood. It has been observed that the system of engine
and propeller react to the time varying flow field encountered in
waves, and it would be useful to simulate this effect, to take into
account the effect of waves on the engine propeller system already
on the design stage. In case of propeller emergence, when the
propeller is coming partly out of the water, the propeller torque
drops significantly, and depending on how the engine is con-
trolled, propeller racing might occur. This is one of the primary
indicators for voluntary speed reduction. Therefore, to predict at-
tainable speed in waves and engine dynamic response, prediction
of propeller emergence is important.

In waves, changes in flow field alters propulsion factors as
compared to calm water condition. Nakamura and Naito (1975)
have demonstrated the effect of waves and ship motions on thrust
deduction and wake fraction of a ship. Wake is also affected by
pitching motion of a ship, causing increase in average wake (Fal-
tinsen et al., 1980) along with wake fluctuations (Ueno et al., 2013).
Significant changes in wake field were observed in presence of
waves and ship motions in the RANS simulations carried out by
Guo et al. (2012), where the nominal wake field was obtained in
waves. Similar results were obtained by Sadat-Hosseini et al.
(2013) where wake was obtained in presence of waves using
particle image velocimetry (PIV).

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/oceaneng

Ocean Engineering

http://dx.doi.org/10.1016/j.oceaneng.2016.06.034
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Changes in flow field explained previously cause fluctuations in
propeller thrust and torque as observed by Nakamura and Naito
(1975), Lee (1983) and Amini (2011). Taskar and Steen (2015) have
identified a need to study the effect of large torque variations
observed in presence of waves on engine performance. Moreover,
waves cause surge motions and periodic change in propeller
submergence due to heave and pitch. Such changes in propeller
submergence, surge motion and occasional propeller emergence
give rise to fluctuating loads on the engine. This may affect engine
performance as well as propeller performance due to shaft speed
variations. Therefore, engine and propeller should be studied to-
gether as a system to correctly simulate interaction between them.

Also, ship and propeller dynamics should be taken into account
while optimizing the control strategy of machinery (Kyrtatos,
1997). Investigations by Taskar et al. (2015), have shown that un-
steady propeller inflow can cause significant increase in power and
fuel consumption in order to keep the ship speed constant.

Variable loads on the propeller in presence of waves can cause
mechanical failures (Amini, 2011). Therefore, it is necessary to
estimate the magnitude of such loads. Tanizawa et al. (2013) have
developed a methodology to include realistic engine response in
the self-propulsion tests to emulate real condition and get accu-
rate estimates of fuel consumption in waves at different pitch
settings in case of controllable pitch propellers. It also serves the

Nomenclature

h Depth of the propeller shaft
R Propeller radius
β Thrust diminution factor
wP Effective wake fraction
U Ship speed
A Wave amplitude (m)
λ Wavelength
L Ship length
ωe Wave encounter circular frequency
ξa Surge amplitude with phase delay of ζξ

ζξ Phase delay
ω Wave circular frequency
ha Wave amplitude
k Wave number
( )x z,0,P P Propeller co-ordinates
t Time
X Wave encounter angle (0 for following sea; 180 for

head sea)
α Coefficient representing effect of wave amplitude de-

crease at the stern
Vfluctuating Wake velocity considering fluctuations due to waves
Vmean New wake velocity considering the effect of pitching

motion
Vtotal Total wake velocity considering mean increase as well

as wake fluctuations
x Longitudinal distance of the propeller from the center

of gravity of the ship
Δ ̅p Pressure gradient below the bottom of the ship due to

pitching motion
η5 Pitch amplitude

m Mass of ship
′m Surge added mass of ship

̇x Surge speed of ship
ẍ Surge acceleration of ship

′T Thrust produced by the propeller
′t Thrust deduction fraction

ρ Density of seawater
S Wetted surface area of the ship
CT Total resistance coefficient of the ship
R1 Added resistance of the ship in waves
JShaft Mass moment of inertia of the propeller shaft
ωShaft Propeller shaft speed
a1 Friction coefficient for the main engine
a2 Friction coefficient of the propulsion shaft
Q Eng Engine torque
Q Load Propeller load torque
ηm Mechanical efficiency of engine crank system
p Pressure
T Temperature
F Fuel-air equivalent ratio
M Mass of gas
Ṁ Mass flow of gas or rate of change of mass in a control

volume
Mb Mass of burned fuel in gas
Ṁb Mass flow or rate of change of mass of burned fuel in

gas
E Energy in a volume

̇E Energy flow or rate of change in energy in a control
volume

V Volume
̇V Rate of change of volume
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Fig. 1. The effects of waves on ship propulsion.
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purpose of obtaining realistic dynamic response of the ship's
propulsion system. Queutey et al. (2014) have studied the effect of
waves on the flow around a ship with pod, considering the effect
of waves on cavitation and ventilation with the help of model tests
and experiments. The effect of environmental conditions like wind
and waves on the propulsion performance has been studied by
Kayano et al. (2013) using full scale experiments. They observed
that DHP (Delivered Horse Power) measured in the full-scale ex-
periments in presence of wind and waves was higher than the
estimated value and propulsive efficiency lower than the esti-
mated value. Therefore, need of predicting power curve more
precisely considering the effect of wind and waves was proposed
in order to improve the energy saving of ship operations.

For the study of coupled dynamics of vessel-propulsion-diesel
engine system, Kyrtatos et al. (1999) conducted a simulation of
propeller – diesel engine dynamics and applied a PI governor. The
engine model used was built based on the filling and emptying
approach and phenomenological submodels for combustion and
scavenging. They demonstrated the model's reliability to test the
governor in different transient load. Livanos et al. (2006) and
Theotokatos and Tzelepis (2013) studied coupled dynamics for a
vessel-propulsion-diesel engine system. The first tested the case
with a controllable pitch propeller under maneuvering operation
with primary interest on the engine system response like shaft
speed, turbocharger speed and power development under tran-
sient load. The engine model used was a mean value model, de-
rived from their phenomenological model called MoTher. The
latter authors did a similar study with more focus on emission
from the engine. Campora and Figari (2003) used a phenomen-
ological engine model with two-zone description in the cylinder
for the coupled simulation. Their simulation result was validated
by full-scale measurement. In all studies mentioned, the propeller
is modeled as either a basic propeller model, obtained from an
open water performance test, or as a time series of experimentally
measured torques. Therefore, influence of waves on the propulsion
system is excluded or statically taken into account.

In this paper, we have investigated effects of waves on the
propulsion system. Waves from different directions causing un-
steady interaction between engine and propeller have been stu-
died. Events like propeller emergence have been simulated to
observe the combined behavior of engine, response of control
system and its effect on the vessel operation. The total efficiency of
the propulsion system has been investigated in presence of waves
to check if a drop in propulsive efficiency should be taken into
account for power and speed predictions in waves. This paper also
explores the validity of computing unsteady propeller loads using
the assumption of constant propeller speed.

For this investigation, a coupled model of engine and propeller
has been implemented in MATLAB-Simulink along with a method
to estimate wake in waves. Multiple wave conditions have been
simulated with different wavelengths, wave heights and wave
directions to observe their impact on the propulsion. This study
demonstrates the importance of using a coupled engine propeller
system for accurate estimation of ship performance. It can be
further used to optimize installed power while ensuring safety of

vessel in all weather conditions, rather than just adding a simple
sea margin. This study will also clarify the effects of propeller
emergence on the engine performance.

2. Geometries and wake data

Wake field is one of the important inputs required for the
propeller design and performance estimation. Therefore, to study
the effect of waves on propeller performance, it is essential to
know the wake field in waves. However, wake data in waves are
rarely available since in most of the cases the wake field is ob-
tained only in calm water condition. It is also both complicated
and time-consuming to acquire such data. Sadat-Hosseini et al.
(2013) performed model tests on the KVLCC2 hull to obtain wake
fields in three different waves. Therefore, KVLCC2 was used as a
case vessel for this study. Hull geometric details are found in Ta-
ble 1. Sadat-Hosseini et al. (2013) have carried out experiments in
head sea conditions using PIV measurements. Nominal wake ob-
servations were performed for wavelength to ship length ratios of
0.6, 1.1 and 1.6 at 8, 12 and 6 time instants respectively for each
wave period. Their study also reports CFD simulations validated
with the PIV measurements. For our analysis, we have used the
CFD data because it is smoother and less noisy compared to the
PIV measurements. However, CFD data and PIV measurements are
available only for head sea condition.

The propeller design was altered in order to match the existing
engine model. Pitch of the propeller blades was uniformly changed
to be able to deliver maximum engine power. Geometric details of
this design can be seen in Table 2. There is no engine specified for
KVLCC2 by her designers. In this study, an existing engine model
was used with fine-tuned parameters and validated against data
from the manufacturer of the engine used in this paper. Selection
of engine was limited by the availability of the data to validate the
simulation model. Since the power of the available engine model
was insufficient to propel the hull at design speed, simulations
were run at a lower vessel speed, chosen such that the engine runs
at 85% MCR (Maximum Continuous Rating). The design speed of
KVLCC2 is 15.5 knots, while the simulations were performed for a
speed of 14.7 knots.

2.1. Wake contraction procedure

Wake distribution was available in model scale only, and nee-
ded to be contracted to obtain ship scale wake. According to the
ITTC (2011), the wake scaling procedure given by Sasajima et al.
(1966) is most commonly used and gives reasonable results. In this
method, frictional wake is obtained by separating the potential
wake from the total wake field. Frictional wake is then scaled and
added to the potential wake to obtain ship scale wake. However, in
absence of potential wake data we have contracted the total wake
field by the ratio of viscous resistance coefficient between model
and full scale. Hence, the difference between potential wake
component of model and ship has been neglected.

Table 1
Ship particulars.

Length beween perpendiculars (m) 320.0
Length at water line (m) 325.5
Breadth at water line (m) 58.0
Depth (m) 30.0
Draft (m) 20.8
Displacement (m3) 312,622
Block Coefficient (CB) 0.8098
Design Speed (m/s) 7.97

Table 2
Propeller geometry.

Diameter (D) (m) 9.86
No of blades 4
Hub diameter (m) 1.53
Rotational speed (RPM) 95
Ae/ A0 0.431
(P/D)mean 0.47
Skew (°) 21.15

Rake (°) 0

B. Taskar et al. / Ocean Engineering 122 (2016) 262–277264



Potential wake is almost constant in the propeller plane as seen
from the typical ship scale wake presented in ITTC (2011). In such
cases, the same full-scale total wake would be obtained by scaling
the total wake or just the frictional component of the model-scale
wake. The only error would be due to the neglected correction in
the potential wake. This procedure has been applied to each
snapshot of the wake field at different times as if it were calm
water wake distribution. Model and full-scale wakes can be seen
in Fig. 2.

2.2. Ship motion and added resistance calculations

Ship motion RAOs were calculated using linear strip theory,
utilizing potential theory and pressure integration, implemented
in the ShipX Veres software. Surge, pitch and relative stern motion
RAOs have been calculated. Pitch RAO is required to calculate
mean increase in propeller inflow using Faltinsen's method (de-
scribed later). RAO for relative stern motion has been used to
compute variation in thrust and torque due to the variation in
propeller submergence in different wave conditions. Surge motion
RAO is necessary to compute wake fluctuations in waves using
Ueno's method (described later). These RAOs can be seen in
Figs. 3–7.

Surge and pitch RAOs have been compared with the experi-
mental investigations performed by Wu (2013). Experimental data
was available only in head waves. This comparison can be seen in
Fig. 3 and Fig. 5. Surge motion is slightly over estimated as com-
pared to experimental values.

Using the motion response of the vessel, added resistance
coefficients have been calculated using the method by Loukakis
and Sclavounos (1978) (which is an extension of the classical
Gerritsma and Beukelman's method) implemented in ShipX Veres.
Calculated added resistance coefficients can be seen in Fig. 8 along
with the experimental values by (Wu, 2013). Using these added
resistance coefficients, added resistance was then computed in
irregular waves for different peak frequencies and wave directions
using the Pierson Moskowitz wave spectrum.

3. Marine diesel engine details

The engine model selected for the simulation is Wartsila 8RT-
flex68D. There is no engine specified for KVLCC2, and this one was
selected partly based on availability of the model. The engine
particulars can be seen in Table 3. The detailed information of the
engine can be found from the project guide for the specific engine.
Also the engine performance in terms of fuel consumption, power,
mass flow, pressure and temperature are available from the
manufacturer's website (WÄRTSILÄ, 2014). These performance
data are used in order to validate the engine system model.

4. Simulation model

Engine and propeller models have been coupled using an in-
ertial shaft model. Time dependent wake and shaft speed are in-
puts to the propeller model, which computes thrust and torque.
Thrust is used by the vessel model to update the ship speed based
on ship resistance and inertia. Torque is used by the shaft model to
compute new shaft speed depending on shaft inertia and net
torque applied to the shaft. Shaft speed is fed to the engine model
to obtain torque produced at that speed and fuel injection com-
manded by the controller. An engine controller is used to control
the fuel injection to the engine to keep engine speed constant and

Fig. 2. Full scale contracted wake velocities (Left) and model scale wake velocities (Right).
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to avoid any over speeding. The overall model can be seen in Fig. 9.
Details of the modeling blocks are given further down.

The simulation model has been implemented in Matlab Simu-
link™ for overall integration of the submodels. A variable step
solver (ODE45) has been used in order to capture transient dy-
namics of the overall system.

4.1. Propeller model

For the propeller analysis, the open-source program Openprop
based on vortex lattice lifting line theory (Epps, 2010) has been
used. It requires blade section details, frictional drag coefficient
and wake velocities at each radial section. Frictional drag coeffi-
cients were obtained using Javafoil (Hepperle), which uses a panel
method to calculate velocity profile and pressure distribution over
the foil section. Using these velocity and pressure distributions,
boundary layer calculations are performed. Drag is calculated
using momentum loss in the boundary layer.

In order to validate the Openprop results, open water curves
obtained from Openprop were compared with the experimental
open water data of original KVLCC2 propeller design. Good com-
parison between Openprop results and experimental results can
be seen in Fig. 10. Full-scale open water curves were obtained for
the new propeller design for the calculation of thrust and torque at
given propeller speed and ship speed, which means open water
curves were used for the calculation of thrust and torque based on
ship speed, propeller RPM and wake. Relative rotative efficiency
has been assumed equal to one in all the cases.

In order to consider the effect of waves on the propulsion of the
ship, thrust and torque losses due to propeller emergence, free
surface effect and Wagner effect have been modeled. Thrust loss in
case of propeller emergence has been assumed proportional to the
out of water area of the propeller disc as suggested by Faltinsen
et al. (1980). In case of propeller emergence, propeller blades take
some time to develop the lift once they re-enter the water and
thereby reducing average thrust and torque. This effect has been
considered in terms of average thrust and torque loss as suggested
by Minsaas et al. (1983). In addition, thrust and torque is lost when
the propeller operates close to free surface generating waves on
the free surface due to propeller action. These effects have been
formulated using thrust diminution factor given by Minsaas et al.
(1983) as follows:
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Table 3
Engine particulars.

Model Wartsila 8RT-flex68D

Bore (mm) 680
Rated MCR (kW) 25,040
Speed at rated power (RPM) 95
Stroke (mm) 2720
Mean effective pressure (bar) 20
Number of cylinders 8
Turbocharger 2 x ABB A175-L35

Fig. 9. Overall model used for engine-propeller coupled simulations.

Fig. 10. Comparison of Openprop and open water data of KVLCC2 propeller.
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β is multiplied with the propeller thrust to obtain diminished
thrust due to the effect of proximity to free surface.

The effects have been considered in quasi-steady sense as
propeller depth varies much slower than its rate of rotation. Thrust
and torque are considered varying in wave frequency, and higher
harmonics have been ignored. These higher harmonics are mostly
filtered away by the inertia of the shaft and propeller, and it is
found that they do not affect the engine operation.

4.2. Procedure to estimate propeller inflow velocity

As mentioned earlier, one of the obstacles in the analysis of
engine-propeller interaction in different weather conditions is the
limited availability of wake data. Thus in order to simulate a
variety of cases it is necessary to estimate wake in different wave-
conditions.

Nakamura and Naito (1975) have shown that in presence of
waves and ship motions, wake velocities fluctuate. Moreover, the
mean of these fluctuations is different from the calm water wake.
Hence, in presence of waves, mean wake changes along with the
fluctuations. Ueno et al. (2013) have demonstrated that fluctuating
wake velocities are caused by the wave induced particle motion
and surge motion of the ship. Therefore, they state that wake ve-
locities can be calculated as follows-
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The coefficient α is different from 1.0 in case of head and bow-
quartering waves since the waves reaching the propeller are
modified due to the presence of the hull in front of it (Ueno et al.,
2013). However, in case of following and stern quartering waves
this coefficient is not required as the waves are directly felt by the
propeller without significant disturbance from the hull. This
means that we assume that the effect of reflected waves is negli-
gible when it comes to wave induced fluctuations felt by the
propeller.

Faltinsen et al. (1980) have proposed that the increase in mean
propeller inflow (wake) due to the pitching motion of ship ob-
served by Nakamura and Naito (1975) is caused by potential flow
effects. Wake velocities due to the pitching motion of the ship can
be calculated assuming the bottom of the ship to be a flat plate.
Wake velocities can then be obtained as follows:
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Comparison between mean increase in propeller inflow calcu-
lated by this method and that observed in the CFD has been pre-
sented in Table 4. Although there is a difference in the exact values
between the calculation and experiment, trends are correctly
predicted by the calculation.

Therefore, time varying total wake velocity in waves consider-
ing mean increase as well as fluctuations can be calculated as:
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Time varying wake velocities computed by Eq. (6) were then
compared with the wake velocities obtained from the wake data in
waves. Comparison can be seen in Fig. 11. Due to good match
between predicted and observed wake variation in waves, this
formulation was used to obtain wake variations in different wave
conditions. This made it possible to simulate engine propeller
dynamics in presence of waves of various wavelengths, wave-
heights and wave directions, without being restricted to the con-
ditions of the model test by Sadat-Hosseini et al. (2013).

Although these simple methods might not be accurate in all the
conditions, they can certainly be used to access the possible effect
of waves on the propulsion in waves before going for more accu-
rate but time consuming analysis.

4.3. Vessel model

The following vessel model has been implemented to include
vessel dynamics in the simulations:

)( ) ( ρ( + ′) = − ′ ′− ̇ + ( )m m x t T SC x R
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Although thrust deduction varies in presence of waves (Moor
and Murdey, 1970), it has been considered to be constant and
equal to its calm water value, due to the lack of knowledge about
how thrust deduction vary in presence of waves for this particular
ship. R1 and ′T are the only time dependent inputs that are updated
each time step. The added resistance coefficient was modeled as a
function of ship speed. In each wave condition, the added re-
sistance coefficient was computed for different ship speeds from
9.5 knots to 15.5 knots and it was curve-fitted with second order
polynomial of ship speed. One such curve fitting in case of irre-
gular head waves with peak frequency equal to that of wave λ/
L¼1.1 can be seen in Fig. 12.

Simulations have been performed to analyze the interaction of
regular waves with the propulsion unit. However, added resistance
has been calculated in irregular waves of significant waveheight
equal to the waveheight of the regular wave and peak frequency
same as the frequency of the regular wave. This is done to keep the
analysis simple and yet keep ship resistance and engine load
realistic. Therefore, simulation conditions are similar to the ship
traveling in irregular waves and encountering a wave train of
regular waves.

4.4. Propulsion shaft model

The shaft is assumed to be rigid and the quadratic friction
model is used. Mass moment of inertia is assumed to be twice as
much as that of the engine ( =J 323,000Shaft kg m2). The dynamic
equation for the shaft is given as:

ω η ω̇ = ( ) − ( )J Q Q. 8Shaft Shaft m Shaft Eng Load

Table 4
Comparison of increase in mean propeller inflow using formula and experiments.

λ
L

A
% Increase in mean wake velocities

(Calculation) (Experiment)

0.6 3 0.03 0
1.1 3 2.70 5.0
1.6 3 2.66 2.2
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where ηm is a mechanical efficiency of the engine crank system and
the propulsion shaft, given as an empirical function:

η ω ω ω= − +
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4.5. Marine diesel engine model

The purpose of the engine system model in this paper is: (1) to
provide dynamic shaft torque and (2) to predict the cycle effi-
ciency of the engine under transient conditions. The transient load
from the propeller changes both torque and speed, causing highly
nonlinear behavior of the system. Therefore, the engine system
model should include the physical process of the essential com-
ponents of the engine system, namely turbocharger, air coolers,
air/exhaust receiver volumes and engine cylinder blocks in order
to predict nonlinear and transient aspects of engine operation. The
physical interface of the system is through the mechanical shaft
where rotational speed is input to the engine model and torque is
output. In addition, the engine model takes inputs from the engine
controller, which are fuel rack position, valve timing, and injection
timing.

The engine system model is based on the filling and emptying
method, which is most commonly used for engine system mod-
eling (Rakopoulos and Giakoumis, 2006). Filling and emptying
method is a lumped parameter modeling approach where the
system is divided into a finite number of uniform thermodynamic
control volumes. Such a model is capable of simulating pressure
and temperature in the component and flow between the com-
ponents. Since we will observe system performance in terms of
torque response as well as efficiency, more detailed methods like
gas dynamic model (Takizawa et al., 1982) or multi-zone model
(Hiroyasu et al., 1983) are not required. In addition, the engine
contains large receiver volumes before and after the cylinder,
which smooths pressure fluctuations entering the engine cylinder
and turbine. This further justifies the use of a filling and emptying
model.

In a filling and emptying method, all components are grouped

into two categories: control volume and flow restriction. In a
control volume, mass and energy are accumulated depending on
the net flows and the thermodynamic properties are determined
in the volume. It is assumed that such properties are uniform in
the volume. On the other hand, flow restriction allows mass and
energy to flow between two control volumes or between a control
volume and environment. It is assumed that there is no mass and
energy accumulated in restrictions. Any physical flow restriction
like valves, ports, and orifices are grouped in this category. In
addition, a cooler or turbomachinery can be grouped in this as a
simplified model.

Three common groups of system variables are used inside the
thermodynamic part of the engine model and their interfaces,
namely thermodynamic states, mass and energy flows. As the
main part of an engine system is a thermodynamic process of gas
mixture, thermodynamic states used in this work are pressure,
temperature and the composition of the gas, for which we use
fuel-air equivalent ratio, whereas mass flow of gas, enthalpy flow
or rate of change in internal energy and mass flow of burned-fuel
are flow variables. In case of varying volume, the rate of change of
volume should also be included in the flow variables.

The input to a flow restriction element is a set of thermo-
dynamic states (p T F, , ) of adjacent control volumes and the out-
put is a set of mass and energy flows ( ̇ ̇ ̇M E M, , b) determined de-
pending on the specific process of the component. For example,
isentropic compressible flow equation through a restriction
(Heywood, 1988) is used for valve, orifice or port whereas a per-
formance map is used for a compressor and a turbine. On the other
hand, a control volume has the input of a set of flows from con-
nected flow restrictions and output of the thermodynamic states.
The first law of thermodynamics and mass conservation is used to
calculate the net rate of change in mass and energy in the control
volume. Those net rate of changes are integrated to find the mass
and energy of the volume (M E V M, , , b). Then, we used Zacharias'
correlation (Zacharias, 1967) for thermodynamic properties of the
combustion gas and the ideal gas law to algebraically obtain the
thermodynamic states (p T F, , ). In addition, if the control volume
is connected to a mechanical component, it will have an additional
input of rate of volume change and a pressure output on this
interface.

The system model is assembled from the model libraries of
components developed by the authors. Then, the block diagram of
the overall system looks like in Fig. 13.

The simulation model has sub-models to describe the specific
physical processes in the internal combustion engine. For the
combustion in the cylinder, a Wiebe function is used with fixed
parameters to describe the rate of heat release. An ignition delay
model is also included, which correlates the delay to pressure and
temperature of the cylinder. For the gas exchange process, a
scavenging model suggested by Sher (1990) is adapted to a single-

Fig. 11. wake variation procedure vs. experimental wake.

Fig. 12. Dependence of added resistance coefficient on vessel speed.
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zone model. For the turbochargers, a quasi-steady approach was
used where flow and efficiency are obtained from the performance
map provided by the manufacturer. For the heat transfer, the
model by Woschni (1967) was used to predict the heat transfer
coefficient whereas radiation was neglected. Heat transfer from
the radiation was not separately computed but included in the
overall heat transfer model. For the heat exchanger model, effec-
tivity-the NTU model was used (Incropera et al., 2007).

The engine system model was then validated against the steady
state performance data provided by the engine manufacturer. The
engine system model for validation is connected with a shaft
model described in the paper. A simple propeller model is also
used as a quadratic curve between torque and speed. The propeller
curve was derived from the power and engine speed relation given
in the engine performance data. From numerous simulations, we
found that brake specific fuel consumption (BSFC) is well-corre-
lated with maximum cylinder pressure. Since the combustion
profile described by the Wiebe function is fixed, we could regulate
the maximum cylinder pressure by changing exhaust valve close
(EVC) timing and injection timing. Early exhaust valve closing will
make apparent compression ratio high and vice versa. Also re-
tarded fuel injection may enable keeping high compression ratio
without exceeding permissible maximum cylinder pressure. In
this work, a controller was devised to set a reference maximum
cylinder pressure from comparison of measured BSFC and the
reference value. While the firing pressure, which is the pressure
differential between maximum cylinder pressure and compres-
sion, was kept constant by regulating fuel injection timing, the
compression pressure was controlled to the reference value by
regulating exhaust valve timing.

From the simulations at difference loads, the EVC timing and

fuel injection timing were obtained to achieve the reference BSFC.
In addition, other performance data were compared to the re-
ference data and they generally show good fit as shown in the
Fig. 14.

For the transient simulation model, the EVC timing and fuel
injection timings are parametrized into a table with reference
engine speed and the actual values are interpolated at given en-
gine speed. For the governor, a PI controller is used to regulate the
shaft speed to a reference value. The measured shaft speed is low-
pass filtered in order to filter any noise and cylinder-to-cylinder
variation. The controller is also tuned so that the system has rea-
sonably fast response while avoiding oscillation. While tuning the
control parameters, a sensitivity analysis was performed in order
to see the influence of the variation in the uncertain parameters.
As a result, it was found that the mass moment of inertia of the
shaft, among other parameters such as proportional gain of the
controller and turbocharger inertia, has a negligible influence on
the time constant of the engine speed response to the step change
in speed command. This result justifies using rough estimation of
inertia of the propulsion system.

However, the turbocharger shaft inertia has significant influ-
ence in case of a large step change in speed command because of
the smoke limiter. This additional controller limits the fuel rack
position depending on the charge air available in the cylinder. The
amount of charge air available is predicted from the scavenge air
receiver pressure and the volumetric efficiency of gas exchange
process. As the rate of pressure development for load increase is
delayed due to inertia of the turbocharger and filling the receiver
volume, the fuel rack position from the governor saturates by this
limit. This phenomenon is commonly referred as “turbo-lag”.
Combination of both PI type governor and smoke limiter ensures

Fig. 13. Block diagram of the engine system model.
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reasonable response of the engine especially in case of abrupt
change in load.

5. Engine-propeller coupled simulations and results

Two sets of simulations were performed. Firstly, added re-
sistance was excluded from the simulations in order to observe the
effect of unsteady flow alone on the propulsion performance. Ex-
cluding the added resistance makes different cases directly com-
parable. Effect of waves on engine efficiency and propeller effi-
ciency was separately studied along with their combined impact
on vessel performance. Secondly, simulations were performed
including the added resistance to simulate the situations that are
more practical. Importance of wake change, engine-propeller in-
teraction and thrust and torque losses in waves on power and
velocity prediction of vessel was analyzed.

5.1. Simulations without added resistance

5.1.1. Engine-propeller dynamics in waves
Power, speed and torque variations in presence of head sea can

be seen in Figs. 15–17. Power variations in wave λ/L¼1.1 are larger
as compared to those in λ/L¼0.6. This can be explained by the fact
that larger waves reach the propeller without much decrease in
amplitude as compared to smaller waves. In case of λ/L¼1.6, dis-
tinct sharp peaks in shaft speed are caused by propeller emer-
gence, causing sharp drops in torque seen in Fig. 17.

High frequency fluctuations in torque and shaft speed (ap-
pearing as thick lines in the graphs) in Figs. 16 and 17 are due to
the firings of individual cylinders. These can be clearly seen in the
instantaneous engine power plot in Fig. 18.

5.1.2. Engine propeller coupled model vs. constant propeller speed
assumption

Propeller speed is often assumed constant in the investigation
of variation in the propeller forces and propeller performance to

Fig. 14. Diesel engine steady state simulation.
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avoid the complexity of engine-propeller coupling. To check the
validity of this assumption, simulations were run without the
engine model assuming constant propeller speed. Torque and
power variations obtained using fixed speed in head wave were
then compared with those obtained using the coupled model. For
the fixed speed calculations, engine power is computed simply as
torque times propeller speed.

Comparison of power and torque variations with and without
engine model can be seen in Figs. 19 and 20 in the event of pro-
peller emergence. Variation in torque and power is higher in case
of constant speed assumption whereas, when engine model is
included, torque and power variation reduces due to the combined
effect of the diesel engine response and control system. The phase
difference seen in the figures is incidental, not due to real differ-
ences in the two models.

Similar comparisons can be seen in other wavelengths (λ/
L¼0.6 and λ/L¼1.1) in Figs. 21–24 without propeller emergence. In
all the cases, power and torque fluctuations are lower in case of
the simulations with a diesel engine model. However, the ratio of
power and torque fluctuations with and without a diesel engine
model is different in each case due to different response of the
system to different load frequencies.

It is, however, important to note that torque and power varia-
tions are qualitatively similar with and without a diesel engine
model. Hence, if relevant effects like wake variation, ship motion

and propeller depth variation are included, then the simulations
without a diesel engine model will give conservative estimates of
variation in propeller forces, torque and power. However, for ac-
curate estimates of system response the coupled engine propeller
model should be used.

5.1.3. Engine-propeller dynamics in the event of propeller emergence
As we know, over-speeding is detrimental for the diesel engine.

Thus, for safety purpose, the fuel supply to the diesel engine might
be shut off in an event of over-speeding, eventually tripping the
unit. The control system is designed such that even in rough
weather the engine operates within the range of safe operating
speed. However, events like propeller emergence can cause sharp
increase in speed. The amount of speed overshoot before the
control system kicks in to limit the fuel injection is important to
investigate. For this investigation, coupled engine-propeller si-
mulations are required as propeller torque variation at different
propeller immersions, ship motions and engine reaction play im-
portant roles in such an event. This will also tell us if the propeller-
engine system with the given control-strategy is safe in the event
of propeller emergence. If the system is found to limit the over-
speeding, it would allow us to keep the engine running at high
power even in relatively harsh weather without the danger of
causing damage to the engine.

The event of propeller emergence observed in wave λ/L¼1.6

Fig. 15. Low frequency engine power fluctuations in presence of three different
head waves of 5 m wave amplitude.

Fig. 16. Engine speed fluctuations in presence of three different head waves of 5 m
wave amplitude.

Fig. 17. Propeller torque fluctuations in presence of three different head waves of
5 m wave amplitude.

Fig. 18. High frequency power variation due to individual cylinder firing.
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with 5 m wave amplitude has been studied in detail. Simulation in
the same wavelength with 6 m wave amplitude has been carried
out to study larger propeller emergence where, as much as half of

the propeller disc comes out of water (i.e. propeller sub-
mergenceE0). Variation of torque, engine power, propeller speed
and propeller submergence has been plotted in both the cases as

Fig. 19. Low frequency engine power variation with engine model and with con-
stant speed assumption in wavelength λ/L¼1.6 and 5 m wave amplitude.

Fig. 20. Torque variation with engine model and with constant speed assumption
in wavelength λ/L¼1.6 and 5 m wave amplitude.

Fig. 21. Low frequency engine power variation with engine model and with con-
stant speed assumption in wavelength λ/L¼0.6 and 5 m wave amplitude.

Fig. 22. Torque variation with engine model and with constant speed assumption
in wavelength λ/L¼0.6 and 5 m wave amplitude.

Fig. 23. Low frequency engine power variation with engine model and with con-
stant speed assumption in wavelength λ/L¼1.1 and 5 m wave amplitude.

Fig. 24. Torque variation with engine model and with constant speed assumption
in wavelength λ/L¼1.1 and 5 m wave amplitude.
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seen in Fig. 25.
Torque drops sharply as soon as propeller starts coming out of

water and propeller speed starts to increase. Minima in torque and
maxima in speed occurs when the propeller submergence is
minimum (i.e. maximum part of propeller is out of water) as ex-
pected. At this point, power continues to fall, reaching its mini-
mum when the propeller is fully submerged again. These trends
can be observed in both the cases of propeller emergence.

Assuming that up to 10% over speeding of the engine is safe;
the control system successfully limits the engine speed in 5 m
wave amplitude. Whereas in 6 m wave amplitude, it fails to limit
the propeller speed. Hence, in 6 m waves, engine power has to be
brought down in order to avoid engine shutoff in rough weather
but in 5 m waves, it is safe to keep the engine running at design
speed.

We can conclude that such coupled simulations are capable of
assessing the safety of the propulsion system and the performance
of control system in different weather conditions beforehand.
Therefore, such a framework can be effectively used to develop an
efficient as well as safe engine control system.

5.1.4. Effect of waves on the overall propulsion system due to engine
propeller dynamics

Currently, for speed loss and sea margin calculations only ad-
ded resistance and change of propulsion point due to change in
ship speed is taken into account as per ITTC (2008). Wake is as-
sumed constant and propulsion system is assumed to perform like

a steady state even in a dynamic flow field. Therefore, influence of
time varying flow field on the performance of engine propeller
system has been investigated.

The efficiency of the propulsion system can be divided into two
parts, the efficiency at which fuel is converted into power i.e. ef-
ficiency of engine and the efficiency at which the engine power is
used to propel the ship i.e. propulsive efficiency. Effect of waves on
both the efficiencies has been investigated in waves encountered
from different directions with three different wavelengths each
with three different wave amplitudes. Here it is necessary to re-
member that added resistance was not included in these sets of
simulations. These results have been presented considering the
simulation in calm water condition to be the benchmark case.
Wave direction has been considered to be the angle between the
direction of propagation of wave and the heading of the ship. (0
degree is following sea; 180 degrees is head sea).

5.1.4.1. Change in engine efficiency. Variation in BSFC in different
conditions as a result of load fluctuations due to waves can be
observed in Fig. 26. In all the cases, change in BSFC is relatively
small. As mentioned in the control part of the diesel engine, the
cycle efficiency of the engine highly depends on the timing of the
exhaust valve or, in other word, apparent compression ratio. Since
the speed is controlled at a single reference value and the speed
variations are relatively low, we could not observe meaningful
deviation of the average cycle efficiency.

5.1.4.2. Change in propulsive efficiency. All the simulated conditions
show different power as well as ship speed at constant propeller
speed setting, making it difficult to directly compare required
engine power in different cases. Since there is no added resistance
in this set of simulations, it would be meaningful to compare the
ratio of power and the cube of the ship speed (the ratio that can be
assumed constant in calm water). This ratio can give us an in-
dication of propulsive efficiency. Increase in the ratio means that
higher power is required compared to calm water operation to
propel the ship at same speed. Percentage increase in the ratio of
power and the cube of ship speed in presence of waves can be seen
in Fig. 27. Change is significant in case of head and bow quartering
sea for λ/L¼1.1 and 1.6. Whereas, λ/L¼0.6 shows comparatively
small change in any wave direction. This power loss is due to the
combined effect of drop in propeller efficiency and change in hull
efficiency as wake fraction changes in waves.

Change in propeller and hull efficiency has been studied se-
parately to study how much each of these factors contributes to
increase in P/V3. Variation in propeller efficiency in different wave
conditions can be seen in Fig. 28.

Change in the propeller efficiency can be attributed to two
factors. One, due to variation in propeller speed because of time
varying propeller inflow and engine dynamics; second, due to

Fig. 25. Propeller emergence in wavelength λ/L¼1.6 in wave amplitudes 5 m (red)
and 6 m (blue). (Please refer the web version of this article for colored figure.)

Fig. 26. Increase in engine BSFC due to time varying propeller torque in different
waves.
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change in operating point of propeller because of mean change in
wake velocities as a result of pitching motion of the ship. Increase
in wake velocities increase the advance coefficient, leading to
higher efficiency but lower thrust as compared to calm water
condition. This can lead to drop in ship speed, which would reduce
the advance coefficient, since propeller speed is kept constant.
Effectively it was observed that final advance coefficient in waves
was higher than the calm water condition in most of the cases.

Propeller efficiency increases in head waves and bow quarter-
ing waves for λ/L¼1.1 and 1.6. In these cases, the effect of increase
in advance coefficient seems to dominate. Whereas, in head wave
λ/L¼0.6, small drop in advance coefficient together with dynamic
shaft speed variation causes drop in efficiency. A similar trend is
seen in following and stern quartering sea but the amount of in-
crease in efficiency is much lower. These cases have relatively
higher wake variation since wave induced particle velocities di-
rectly affect the propeller unlike in case of head waves, where the
hull in front of the propeller reduces this effect.

Another part of the propulsive efficiency is the hull efficiency.
The change in hull efficiency has been plotted in Fig. 29. It can be
observed that the drop in hull efficiency is more significant than
the drop in propeller efficiency. It is a dominating factor causing
change in the ratio of P/V3. Moreover, since we have neglected
change in thrust deduction due to waves, it can be concluded that
accurate estimation of wake variation is essential for the perfor-
mance estimation of the ship. However, engine dynamics has
minor influence on change in propulsive efficiency in case of si-
mulations without added resistance.

5.2. Simulations with added resistance

Realistic cases were simulated by including the added re-
sistance in the simulations to determine propulsion performance

in waves. However, in these simulations, the performance of the
ship is affected by added resistance as well as change in engine
and propulsive efficiency, and it is difficult to separate the effects
of the two.

5.2.1. Effect of waves on the engine performance
From comparison of Fig. 30 with Fig. 26, it can be seen that

changes in BSFC are only slightly higher than those in case of si-
mulations without added resistance. Therefore, even after in-
cluding the added resistance, variation in BSFC is small in most of
the wave conditions.

5.2.2. Importance of engine-propeller coupled model in performance
prediction in waves

Since it is difficult to separate the effects of added resistance
from those of unsteady engine propeller dynamics and wake var-
iation, the another set of simulations was run without the engine
model. However, effects of wake variation, ship motion, thrust and
torque losses were considered. The propeller speed was kept
constant. Therefore, the difference between the simulation results
with and without the engine model is purely due to engine pro-
peller dynamics. The simulation results have been compared in
terms of quasi-propulsive efficiency and the ship speed achieved.

Difference between the quasi-propulsive efficiency with and
without engine model can be observed in Fig. 31. Changes in
quasi-propulsive efficiencies are minor except in case of head and
bow quartering waves of 5 m wave amplitude where efficiencies
are lower in case of simulations with engine model. In these cases,
engine is operating close to 100% MCR where control system tries
to constrain the engine power by limiting the fuel injection. This
effect being absent in the simulations without engine model, leads
to the differences in the performance prediction. This difference in
the efficiencies causes difference between the ship speeds

t

Fig. 28. Change in propeller efficiency in different wave conditions due to time
varying flow field.

Fig. 29. Change in hull efficiency due to time varying wake in waves.

Fig. 30. Increase in BSFC of engine due to combined effect of fluctuating load and
change in power load due to added resistance in different wave conditions as
compared to BSFC in calm water condition.

Fig. 27. Change in the performance of propulsion system (engineþpropeller) due
to unsteady wake and propeller engine interaction.
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predicted by two simulations as seen in Fig. 32.
Simulations were also run without the engine model, without

considering wake variations and change in thrust and torque in
order to analyze the importance of considering wake change and
propulsion losses. These simulations without the engine model
resemble the traditional calculations performed to analyze ship in
waves, where effect of waves is taken into account only in terms of
added resistance and change of propulsion point. In most of the
cases, vessel speed predictions are even higher than the simula-
tions without the engine model including wake variation and
thrust, torque losses. Therefore, as compared to these cases, si-
mulations with an engine model predict much lower ship speeds
as seen in Fig. 34. Significant difference can also be observed in
quasi-propulsive efficiency in Fig. 33.

Therefore, it was observed that engine modeling plays an im-
portant role while predicting ship performance in rough sea where
the engine has to operate close to 100% MCR. Whereas, modeling
of wake change, thrust and torque losses are important to cor-
rectly predict the ship performance in head and bow quartering
waves.

5.2.3. The effect of power fluctuation on vessel performance
Engine load variation in presence of waves, including the added

resistance has been plotted in Fig. 35. In the simulations, propeller
emergence was found to occur in head waves of 5 m amplitude in
cases λ/L¼1.1 and 1.6. Due to the propeller emergence, the control
system reduces the engine power to control the engine speed as
seen in Fig. 35. Therefore, in such cases full engine power cannot
be utilized causing further drop in speed. Therefore, in Fig. 36 the
engine load reduces in 5 m wave amplitude as compared to 4 m

wave amplitude for these two cases (λ/L¼1.1 and 1.6). This also
means that speed prediction in such condition without consider-
ing ship motions will predict higher speed. Moreover, having
higher engine power will not increase the ship speed in these two
cases. Hence, effects like propeller emergence and engine pro-
peller dynamics play an important role in performance prediction
of vessel.

6. Conclusions

In this study, an effective method for modeling wake in waves
has been demonstrated which enables us to study different as-
pects of the propulsion system in time varying wake in waves of
different wavelength, waveheight and wave direction. It has been
shown that engine propeller response i.e. power fluctuations,
propeller speed fluctuations and torque fluctuations can be ob-
tained through coupled simulations by using realistic engine and
propeller models. Therefore, the framework of coupled system
described in this study can be used to investigate engine load
variations, propeller loads in waves, shaft vibration and engine
control system. This model is capable of analyzing the perfor-
mance as well as safety of a control system used for controlling the
engine.

Significant changes in the propulsion performance have been
observed in presence of waves as compared to steady state op-
eration. Therefore, when estimating the sea margin, drop in pro-
pulsion efficiency due to the effect of waves should be taken into
account. Engine modeling, wake variation in waves and, thrust and
torque losses due to variable propeller submergence are crucial in

Fig. 31. Percentage change in quasi-propulsive efficiency due to the use of engine
model as compared to that without engine model (including wake change, thrust
and torque loss calculations).

Fig. 32. Change in the prediction of final ship speed including engine model as
compared to that without engine model but including wake change, thrust and
torque loss calculations.

Fig. 33. Percentage change in quasi-propulsive efficiency due to the use of engine
model as compared to that without engine model without considering wake
change and changes in thrust and torque.

Fig. 34. Change in the prediction of final ship speed including engine model as
compared to that without engine model without considering wake change and
changes in thrust and torque.
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predicting vessel performance in terms of propulsion efficiency.
Wave direction is found to have strong influence on the perfor-
mance drop, with bow quartering and head sea conditions af-
fecting propulsion performance the most.

Wake variation and engine response will change for different
type and sizes of vessels. Hence more vessels should be analyzed
in order to draw any generalized conclusions. In this study, an
inertial shaft model has been considered. A flexible shaft model
can also be implemented in the same framework to study torsional
vibrations with realistic engine response and propeller loading.
Currently, the analysis has been performed in regular waves.
However, in future, simulations can be carried out for irregular
wave condition to observe the effect of irregular waves on the
overall performance of ship.
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a  b  s  t  r  a  c  t

In  view  of  environmental  concerns,  there  is  increasing  demand  to optimize  the  ships  for  the  actual  oper-
ating  condition  rather  than  for  calm  water.  Now, in order  to  apply  this  for  propeller  design,  a  first  step
would  be  to  study  the  effects  of waves  on  propeller  operation.  Therefore,  the aim  of this  paper is  to
identify  and  quantify  the effect of  various  factors  affecting  the  propeller  in  waves.  The  performance  of
KVLCC2  propeller  in  the  presence  of  three different  waves  has been  compared  with calm  water  perfor-
mance.  Changes  in  performance  in  terms  of  cavitation,  pressure  pulses,  and  efficiency  have  been  studied.
Significant  increase  in  pressure  pulses  has  been  observed  due  to wake  change  in waves  even though
cavitation  did  not  show  any  significant  change.  An analysis  using  cavitation  bucket  diagram  in  different
wave  conditions  indicates  that  a propeller  optimized  for calm  water  wake  may  perform  much  worse  in
the presence  of  waves.  Therefore,  having  wake  variation  at  least  in  critical  wave  conditions  (where  the
wavelength  is close  to  ship  length)  in  addition  to calm  water  wake  could  be very  useful to  ensure that
the  propeller  performs  equally  well  in  the  presence  of waves.

©  2016  Elsevier  Ltd. All  rights  reserved.

1. Introduction

Traditionally, propellers have been optimized for calm water
conditions partly because one has not had the knowledge and
tools to optimize propellers for operations in waves. However,
with increasing environmental concerns and emission regulations,
there is growing demand for the propulsion being optimized for
the actual operating conditions, which typically include waves.

Currently, propellers are designed using wake, thrust deduction
and relative rotative efficiency obtained in calm water conditions.
Moor and Murdey [1] have shown through model tests of multiple
ship hulls in calm water and in waves that wake, thrust deduction
and propeller efficiency change in the presence of waves. Circum-
ferentially averaged wake also changes due to waves and ship
motions as demonstrated by Nakamura and Naito [2]. They also
found that wake velocities increase in waves, and it is primarily
caused due to pitching motion of the ship. Similar results confirm-
ing significant wake variation in waves were obtained in the RANS
simulation carried out by Guo et al. [3] where the nominal wake
field was obtained in the presence of waves. In these simulations,

∗ Corresponding author.
E-mail address: bhushan.taskar@ntnu.no (B. Taskar).

the axial wake velocities increased with up to 35% of ship speed
in some regions. Such changes in the wake distribution of a ship
traveling in waves were experimentally confirmed by Hayashi [4]
using a model of the KVLCC2 ship. Strong variation of wake was
observed in the presence of waves through the PIV (Particle Induced
Velocimetry) measurements.

Change in wake distribution changes the angle of attack and the
cavitation number of the propeller blades as shown by Albers and
Gent [5]. Chevalier and Kim [6], Jessup and Wang [7] studied the
cavitation of a propeller operating in waves by calculating wake
velocities using potential flow calculations and observed a drop in
the cavitation inception speed of the vessel in waves.

Due to increasing demand for efficiency, it is no longer possi-
ble to design the propellers without cavitation. Cavitation can lead
to erosion on the propeller blades. Moreover, the pressure pulses
can cause vibration in the ship structure thus affecting passenger
comfort and in severe cases damage the structural integrity of the
hull. In merchant ships, about 10% of propeller-induced vibration
velocities are caused by bearing forces, whereas approximately 90%
are due to pressure fluctuations, or hull surface forces [8]. Survey of
47 ships with vibration problem has shown that around 80% of the
cases could be traced back to pressure pulses as a source of vibra-
tion problems. Based on reported cracks in the aft peak of 20 ships,
strong correlation between fatigue damages in the afterbody and

http://dx.doi.org/10.1016/j.apor.2016.08.009
0141-1187/© 2016 Elsevier Ltd. All rights reserved.
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Table  1
Propeller Geometry.

Diameter (D) (m)  9.86
No of blades 4
Hub diameter (m)  1.53
Rotational speed (RPM) 76
Ae/A0 0.431
(P/D)mean 0.690
Skew (◦) 21.15
Rake (◦) 0

Fig. 1. Comparison of open water data of KVLCC2 using MPUF-3A and model tests.

the amplitude of pressure pulses at blade harmonic frequency was
observed [9]. Therefore, it is necessary to avoid cavitation erosion
and high pressure pulses even when the cavitation is present. It
is achieved by adapting the propeller design to calm water wake
as cavitation and pressure pulses depend on the wake distribu-
tion [10,11]. However, given the significant wake variation, it is
essential to investigate the performance of propeller in the pres-
ence of waves. Moreover, lowering the pressure pulses comes at
the expense of efficiency. Therefore, accurate estimation of pres-
sure pulses in realistic operating condition can help us maximize
the efficiency while still avoiding the unwanted consequences.

In this paper, we have analyzed the performance of the KVLCC2
propeller operating in waves. Time-varying wake data in three dif-
ferent head waves provided by Sadat-Hosseini et al. [12] have been
used. Effect of various factors affecting propeller performance in
waves like wake change, ship motions, wave dynamic pressure,
added resistance and RPM fluctuation has been studied separately
to decide the order of importance of each factor. Cavitation and
pressure pulses have been calculated in different wave condi-
tions and compared with that in calm water wake. An analysis of
propeller blade sections using a cavitation bucket diagram was  per-
formed to explore the possibility of improving propeller design to
ensure optimized performance not just in calm water but also in
the presence of waves.

2. Methods and validation

2.1. Propeller analysis tools

The KVLCC2 propeller has been analyzed using the vortex lattice
method implemented in MPUF-3A [13]. Details about the propeller
geometry are given in Table 1 [14]. The fine grid has been used on
the key blade while coarse grid has been used on other blades. Open
water curves obtained using MPUF-3A for the KVLCC2 propeller are
compared with experimentally obtained open-water data [14] in
Fig. 1. When the propeller was analyzed in waves, the variation in

Table 2
Ship Particulars.

Length between perpendiculars (m) 320.0
Length at water line (m) 325.5
Breadth at water line (m) 58.0
Depth (m)  30.0
Draft (m)  20.8
Displacement (m3) 312,622
Block coefficient (CB) 0.8098
Design Speed (knots) 15.5

inflow caused by waves and ship motions is taken into account in a
quasi-steady manner, meaning that for each time instant, the flow
field entering the propeller disk is treated as time-invariant. The
propeller is then analyzed at each time instance in time-invariant
wake using unsteady calculations. This approach is justified by the
fact that the wave encounter frequency is much lower than the
propeller rotation frequency.

For the analysis of propeller blade section in calm water and
in waves, the lift coefficient has been obtained for the propeller
blade section at 0.7R from MPUF-3A calculations. Cavitation bucket
has been calculated by giving the blade section shape at 0.7R as an
input to Xfoil [15]. While cavitation number (Sigma) is calculated
as follows-

Sigma = P0 + �gh − Pv

0.5�[V2
a + (0.7�nD)2]

where P0 is atmospheric pressure, � is the density of water, g is
acceleration due to gravity, h is the instantaneous submergence
of the blade section at 0.7R, Pv is the vapour pressure of water,
Va is average propeller inflow velocity, n is propeller rps and D is
diameter of the propeller. It should be kept in mind that since both
h and Va varies in waves, the cavitation number varies with time.

2.2. Wake data in the presence of waves

Experiments were performed by Sadat-Hosseini et al. [12] to
obtain wake data in three different wavelengths in head sea condi-
tion at design speed. A model of KVLCC2 was used for this purpose
with the model scale of 1:100. Ship particulars are given in Table 2
[14]. In these experiments, PIV (Particle Image Velocimetry) was
used to obtain time-varying nominal wake field in the propeller
plane. CFD simulations were also performed and results were vali-
dated using the data from the PIV measurements. Since the CFD data
are smoother and less noisy, we  have used them in our calculations.
These results were available for waves �/L = 0.6, 1.1 and 1.6 at 8, 12
and 6 time intervals respectively in one wave encounter period.
Wakes at different time intervals have been denoted by t/T, which
is a fraction of time ‘t’ in one wave encounter period ‘T’. Note that ‘T’
is different in each wave case. At t/T = 0 the wave crest is located at
the forward perpendicular of the ship. Waveheight of these waves
corresponds to a full-scale wave amplitude of 3m. Wake fields in
calm water and at four instances in �/L = 1.1 can be seen in Fig. 2.

Due to the higher friction coefficient of the model scale ship, the
wake field calculated in model scale should be contracted (scaled)
for analyzing the propulsion performance in full scale. However,
it is not uncommon that propellers are evaluated in model scale
wake as far as pressure pulses are concerned. It is partly because
the model scale hull is used in the tests carried out in the cavita-
tion tunnel for the measurement of pressure pulses, which means
that the propeller is analyzed in model scale wake to prove that
the pressure pulses in full scale are within the contractual require-
ments. The general experience is that analyzing the propeller in
model scale wake gives a conservative estimate of cavitation and
pressure pulses.
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Fig. 2. Wake in calm water compared to the wake in the presence of wave having wavelength ratio �/L = 1.1.

The analysis in model scale wake also avoids the complexity
and uncertainty of the wake scaling procedure. Moreover, for this
study, it is more important to compare the propeller cavitation and
pressure pulses in calm water with that in waves than predicting
the exact amount of cavitation and pressure pulses in full scale.
We think that the use of model scale wake is sufficient for the
qualitative study of the effect of waves on propeller performance.

Time-varying potential wake in the presence of waves has been
calculated using Shipflow Motions [16]. Simulations were per-
formed at design speed in three different wavelengths (�/L = 0.6,
1.1, 1.6), free to heave and pitch. Wake variation obtained using
the potential flow calculation has been compared with the wake
data obtained from CFD to investigate the appropriateness of com-
puting the wake variation in waves using potential flow theory. The
motivation for this being the excessive computational expense of
seakeeping calculations with CFD.

2.3. Calculation of ship motions and added resistance

Ship motion RAOs (Response amplitude operators) were cal-
culated using linear strip theory, utilizing potential theory and
pressure integration, implemented in the ShipX Veres software.
Using the motion response of the vessel, added resistance coef-
ficients have been calculated using the method by Loukakis and
Sclavounos [17] (which is an extension of the classical Gerritsma
and Beukelman’s method) also implemented in ShipX Veres. Heave
RAO, pitch RAO and added resistance calculations have been com-
pared with the experimental investigations performed by Wu [18].
These comparisons can be seen in Fig. 3. Added resistance was  then
computed in irregular waves for different peak frequencies using
the Pierson–Moskowitz wave spectrum. Speed loss for a particu-
lar wave condition (e.g. �/L = 1.1, wave amplitude = 3 m)  has been
calculated in irregular waves having a peak frequency equal to the
regular wave frequency and significant waveheight equal to the

height of the regular wave. The reason behind using irregular waves
for the computation of speed loss is to avoid getting unreasonably
low ship speeds as a results of added resistance in regular waves
which is often much larger than the added resistance in correspond-
ing irregular waves.

2.4. Calculation of propeller RPM fluctuation

In order to calculate the RPM fluctuation, a coupled engine-
propeller model of Taskar et al. [19,20] has been utilized. The study
analyzes the engine-propeller interaction in the presence of waves
considering a fluctuating wake field, propeller emergence, and free
surface effects. Simulations in regular head waves of 3 m wave
amplitude showed around 3% fluctuation in RPM. Hence, propeller
cavitation has been analyzed in 3% higher RPM to calculate the
possible change in pressure pulses and cavitation.

2.5. Pressure pulse calculation

Pressure pulses have been computed using HULLFPP [21] which
calculates field point potential induced by a cavitating propeller
using a potential based boundary element method. Time series of
cavity shapes, cavity volumes and pressure distribution on blades
calculated by MPUF-3A are used as an input to this code. In the
computations, the hull was  assumed to be a flat plate at a distance
of 30% of the propeller diameter from the blade tip. Tip clearance
of 30% is commonly seen on ships.

In the propeller design methodology, prediction of pressure
pulses plays an important role. The propeller geometry should be
such that the level of pressure pulses is below the specified thresh-
old. The method proposed by Holden et al. [22] is often used to
analyze pressure pulses in the initial design stage. This method
is based on numerous experimental studies and experiences with
full-scale pressure pulses. The applicability of Holden’s method for
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Fig. 3. Added resistance and ship motions calculation compared with the experimental measurements.
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Fig. 4. Comparison of pressure pulses calculated using Holden method and HULLFPP
code.

the analysis of propeller in waves has been tested by comparing the
results with more accurate HULLFPP calculations. A comparison of
pressure pulses predicted by both methods has been presented in
Fig. 4.

In Fig. 4, it is evident that pressure pulses predicted by Holden’s
method are much higher than those predicted by HULLFPP. More-
over, the trend of variation in pressure pulses in different wake
fields is different in two cases, as seen for �/L = 1.1. Therefore, anal-
ysis using a simple method like Holden’s might not be a good idea.
A more detailed analysis like the one using HULLFPP is required to
capture the effects of minor variations in wake structure. An expla-
nation for the large over-prediction by Holden’s method compared
to HULLFPP might be that it is based on data from old propellers,
typically with little skew.

2.6. Calculation of unsteady wave pressure

Propeller cavitation can get affected by the change in cavitation
number caused by ship motions as well as dynamic wave pres-
sure. To study this effect, the total pressure was calculated at the
location of the propeller shaft, considering the instantaneous depth
of propeller and the phase of the passing wave. The total pressure
was then used in the calculation of cavitation number for analyzing
time-varying cavitation and pressure pulses in waves.

3. Analysis

Initially, the propeller was analyzed in the calm water wake
field to observe the cavitation pattern and pressure pulses in calm
water condition. The influence of the factors affecting propeller in
waves (i.e. wake variation, ship motions, dynamic wave pressure,
speed loss and RPM fluctuations) on cavitation and pressure pulses
has been studied. Cavitation bucket diagram has been studied to
observe the effect of these factors on lift coefficient and cavitation

number. The analysis has been divided into three parts where the
influence of each factor has been considered separately.

1. Wake variation and change in cavitation number due to ship
motions and waves

2. Increased loading due to speed loss
3. RPM fluctuations due to engine propeller interactions and aver-

age wake variation

3.1. Effect of wake variation and change in cavitation number

The KVLCC2 propeller has been analyzed using MPUF at multiple
time intervals in the presence of three different regular waves. In
order to observe the effect of wake variation alone, the propeller
immersion was  assumed constant at 15.1 m depth, equal to that in
calm water. The maximum amount of cavitation in each case can be
seen in Fig. 5. In calm water, the blade position at which maximum
cavitation occurs has been plotted. However, in the presence of
waves, cavitation depends not only on the location of the blade but
also on the phase of the passing wave. Maximum cavitation with
respect to blade position as well as time instant (or wave phase)
can be seen in Fig. 5.

It can be seen from Fig. 5 that for three wavelengths, maximum
cavitation occurred at different blade positions although the loca-
tion of cavitation on the blade was similar. Maximum cavitation
is observed in the case of �/L = 1.1 (i.e. when the wavelength is
close to ship length) at the instant when the stern of the ship is
moving down causing low wake velocities in the upper part of the
propeller disc close to the centerline. Here, it is important to note
that the maximum cavitation in the presence of waves is occur-
ring at one blade location at one instant in a single wave encounter
period. The maximum cavitation seen in one full rotation of the
blade varies as the wave passes, it can be as low as that shown in
Fig. 6. It was  also observed that in calm water, cavity is present on
a couple of blades simultaneously for a significant amount of time
whereas in other cases, as the cavity on one blade vanishes, the next
blade starts cavitating. This may  have an effect on the behavior of
pressure pulses.

In addition to the effect of wake variation, change in cavitation
number can also affect propeller cavitation and pressure pulses. In
the presence of waves, varying propeller immersion due to ship
motions and dynamic wave pressure lead to a change in cavitation
number. Therefore, the propeller has been analyzed to see the com-
bined effect of variation in cavitation number and wake variation
on the cavitation and pressure pulses.

The total pressure, including the dynamic pressure, at the loca-
tion of the propeller, was  expressed in terms of an equivalent height
of water column. The propeller was  analyzed in wakes at different
time instances at calculated equivalent propeller depth. Therefore,
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Fig. 5. Maximum suction side cavitation seen in each wavelength considering only wake change compared to cavitation in calm water wake.

Fig. 6. Minimum suction side cavitation seen in the presence of wave among all
three waves considering only wake change.

comparing the cavitation and pressure pulses using fixed cavitation
number with that using varying cavitation number will show the
effect of a change in cavitation number in waves.

As in the earlier case, the cavitating propeller has been presented
at the angle and time instant of maximum cavitation in each wave

Fig. 8. Minimum suction side cavitation seen in the presence of wave among all
three waves considering wake change, ship motions and dynamic wave pressure.

in Fig. 7. Comparing maximum cavitation in �/L = 1.1 and 1.6 in
Fig. 7 with Fig. 5, it seems that including the variation in cavitation
number reduces the maximum volume of cavitation. This is because
the variation in cavitation number is favourable for the instances
of unfavorable wake variation. In other words, the worst possible
wake in waves occurs at a cavitation number higher than that in
calm water. Whereas, in �/L = 0.6, the amount of cavitation is higher
when the variation of cavitation number is taken into account. The
amount of cavitation varies as the wave passes, the minimum cav-
itation among three wave conditions can be observed in Fig. 8. In
this case, although the blade at 12 O’clock position shows minimum
cavitation, blade at 6 O’clock position has higher cavitation. This

Fig. 7. Maximum suction side cavitation seen in each wave considering wake change, ship motions and dynamic wave pressure.
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Fig. 9. Variation of propeller immersion in waves measured from calm water line
(Propeller immersion in calm water is 15.1 m).

happens when the stern of the ship is moving up (note Fig. 9), caus-
ing low wake velocities in the lower part of propeller disc close to
the centerline. Hence, propeller blade starts cavitating even when
it is at 6 O’clock position.
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Fig. 12. Cavitation volume variation in �/L = 1.6 at different times as wave passes,
considering only wake change.

To compare the cavitation in calm water with that in waves,
it would be more appropriate to compare the time history of
cavitation volume in calm water with that in waves. Therefore,
cavitation volume on a single blade has been plotted as a func-
tion of blade position in the calm water and different times in
each wave condition. Cavitation volumes with constant cavitation
number have been presented in Figs. 10–12 and those consid-
ering the variation in cavitation number have been plotted in
Figs. 13–15 .

First, coming to the computations at fixed cavitation number. In
�/L = 0.6, at all times, maximum cavitation is lower than the amount
of cavitation in calm water. Whereas, in �/L = 1.1 and �/L = 1.6
maximum cavitation volume is as high as twice the amount of
maximum cavitation in calm water. However, this happens only
for one time instance. In most other cases, the amount of cavita-
tion is either comparable or lower than the calm water cavitation.
In cases �/L = 1.1 and �/L = 1.6 cavitation sometimes appears on
the blade at 6 O’clock position which is not seen in the calm
water and the �/L = 0.6 case. In cases of �/L = 1.1, t/T = 0.46890
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Fig. 13. Cavitation volume variation in �/L = 0.6 at different times as wave passes,
considering wake change, ship motions and dynamic wave pressure.
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Fig. 14. Cavitation volume variation in �/L = 1.1 at different times as wave passes,
considering wake change, ship motions and dynamic wave pressure.
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Fig. 16. First harmonic amplitude of pressure pulses in waves considering only wake
change.

Fig. 17. Second harmonic amplitude of pressure pulses in waves considering only
wake change.

Fig. 18. Third harmonic amplitude of pressure pulses in waves considering only
wake change.

and �/L = 1.6, t/T = 0.23379, the volume of cavitation is higher
at 6 O’clock position than at 12 O’clock position. These are the
instances when the stern of the ship is moving upwards as noted
earlier.

Cavity volume variation considering variation in cavitation
number has been plotted in Figs. 13–15. Comparing these plots with
Figs. 10–12, it can be observed that maximum cavitation volume is
lower by about 45% in �/L = 1.1 and by about 38% in �/L = 1.6 when
the effect of variation in cavitation number is included. Therefore,
the change in cavitation number due to waves and ship motions
seems to favor the propeller performance for these wavelengths.
Whereas, for �/L = 0.6, the maximum cavitation volume is 18%
higher when the cavitation number variation is included. Consid-
ering all the factors affecting propeller in waves, only in a few time
instances, the cavitation volume is larger than the maximum cavi-
tation volume in calm water. Thus, waves do not significantly affect
average cavitation volume.

Fig. 19. First harmonic amplitude of pressure pulses in waves considering wake
change, ship motions and wave dynamic pressure.

Fig. 20. Second harmonic amplitude of pressure pulses in waves considering wake
change, ship motions and wave dynamic pressure.

Fig. 21. Third harmonic amplitude of pressure pulses in waves considering wake
change, ship motions and wave dynamic pressure.

In all the cases, the pattern of the cavity volume varies in a much
different way than in the calm water case. In calm water, the cavity
volume variation shows double peaks whereas, in the presence of
waves, cavity volume has just a single maximum in most of the
cases. This, as explained earlier, is due to low-speed area developed
close to propeller centerline due to the motion of the stern. This
behavior suggests that pressure pulses are affected by operation
in waves as they primarily depend on cavity volume variation and
distance to the hull. Therefore, it is important to see how pressure
pulses are affected in the presence of waves.

Pressure pulses were analyzed in waves and in calm water using
HULLFPP as already mentioned. Variation of the first, second and
third harmonics in waves has been compared with those in calm
water. Usually, the amplitude of the first harmonic i.e. pressure
pulses of blade pass frequency is highest and most significant from
the hull vibration point of view. Pressure pulses in calm water
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Fig. 22. Variation of pressure pulses with change in propeller immersion (Propeller
immersion in calm water is 15.1 m).

Fig. 23. Variation in lift coefficient of blade section at 0.7R at the instance of maxi-
mum  cavitation in each wave considering only wake change.
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Fig. 24. Variation in lift coefficient of blade section at 0.7R at the instance of maxi-
mum  cavitation in each wave considering wake change, ship motions and dynamic
wave pressure.

and in waves considering constant cavitation number have been
compared in Fig. 16. For �/L = 1.1 and 1.6, the first harmonic of
pressure pulses is higher than in calm water for almost all time
instances. Maximum pressure pulses in these wave conditions are
more than double of those in calm water. In the case of �/L = 0.6,
pressure pulses are higher than calm water for 50% of the time.
Thus, it is clear that wake variation does significantly affect pressure
pulses.

Coming to second and third harmonic of pressure pulses, they
are considerably higher than calm water value only for �/L = 1.1 as
seen in Figs. 17 and 18. Moreover, for �/L = 1.1 the maximum value
of the second harmonic is close to the first harmonic amplitude
of pressure pulses in calm water. For the other waves, the second
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Fig. 25. Variation in lift coefficient of blade section at 0.7R at different times as
wave passes in �/L = 0.6 considering wake change, ship motions and dynamic wave
pressure.
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Fig. 26. Variation in lift coefficient of blade section at 0.7R at different times as
wave passes in �/L = 1.1 considering wake change, ship motions and dynamic wave
pressure.
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Fig. 27. Variation in lift coefficient of blade section at 0.7R at different times as
wave passes in �/L = 1.6 considering wake change, ship motions and dynamic wave
pressure.

and third harmonic pressure pulses are either comparable or lower
than the calm water value.

In Figs. 19–21, pressure pulses considering the effect of wake
variation, ship motions, and dynamic wave pressure have been
plotted. In the case of waves with �/L = 1.1 and 1.6 maximum val-
ues of first harmonic of pressure pulses is lower than that observed
using wake change alone, which is in line with the change in
cavitation volume as discussed above. However, pressure pulses
in Fig. 19 are higher than that in Fig. 16 for approximately 50%
of the times in all three waves. The maximum 0.4 kPa increase
in the first harmonic of pressure pulses is observed due to
the effect of variation in the cavitation number (in the case of
�/L = 1.6, t/T = 0.57385).
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The second harmonic of the pressure pulses is higher than the
calm water value only for �/L = 1.1 while in other waves, it is lower
than in calm water. For third harmonic, hardly any time instances
show higher pressure pulses than calm water. Thus, considering
first, second and third harmonic of pressure pulses in waves, wave
condition �/L = 1.1 seems critical for the analysis of propeller in the
presence of waves.

To separate the effect of variation in cavitation number from
the effect of wake change, change in the first harmonic of pres-
sure pulses are plotted in Fig. 22 against equivalent propeller
immersion. Change in pressure pulses has been calculated as the
difference between the pressure pulses computed with fixed and
with varying cavitation number i.e. difference between the level
of pressure pulses in Figs. 16 and 19. The maximum increase of
about 0.4 kPa is observed due to the effect of variation in cavitation
number.

The propeller was analyzed in calm water wake at different
immersions to compare the rate of change of pressure pulses with
respect to propeller immersion in calm water with that in waves.
From Fig. 22 it is seen that increase in pressure pulses due to change
in propeller immersion is similar in calm water wake as well as in
wake in the presence of waves. Therefore, possible increase in pres-
sure pulses due to combined effect of waves and ship motions can
be approximated by analyzing the propeller in calm water wake by
varying the propeller immersion.

The lift coefficient obtained from MPUF-3A calculations has
been plotted against cavitation number (sigma) for one full rota-
tion of the blade section at 0.7R, thus forming a loop. Cavitation
bucket obtained from Xfoil calculations has also been plotted for
this propeller blade section. Operating loops in calm water as well
as at the instant of maximum cavitation in each wavelength can be
seen in Fig. 23 along with the cavitation bucket. Comparing the
operating loops and Xfoil calculations with MPUF results, there
is a slight discrepancy since calm water operating loop is well
inside the cavitation bucket predicted by Xfoil hence the section
at 0.7R should be free of any cavitation in calm water whereas
MPUF computations show the presence of cavitation at that sec-
tion. This can be due to calculations being for 2D flow in Xfoil
and 3D flow in MPUF. Therefore, the cavitation bucket should only
be considered for the approximate estimation of the cavitation-
free zone. The aim of plotting the operating loops is to compare
the variation in cavitation number and lift coefficient in different
wakes.

In this case, the propeller depth was assumed constant, so the
change in sigma is only due to change in instantaneous depth
of the propeller blade as it rotates. Therefore, variation in sigma
is similar in all the cases. However, the variation of lift coef-
ficient changes drastically in the presence of waves, also the
variation is much larger in �/L = 1.1 and 1.6 than in calm water.
Hence, if propeller sections are designed considering only the
calm water wake, performance could become much worse in
waves.

Similar Xfoil analysis considering the variation in cavitation
number (due to varying propeller immersion) in addition to wake
change (=angle of attack variation) at the instance of maximum
cavitation has been presented in Fig. 24. Comparing it with Fig. 23,
variation in sigma can be seen in addition to variation in lift coeffi-
cient. It can be observed that operating loops for wavelength ratios
1.1 and 1.6 have shifted towards higher sigma. This leads to a slight
reduction in cavitation and pressure pulses (observed earlier) as
cavitation bucket is slightly wider at higher sigma.

In addition to the instant of maximum cavitation, the behavior
of operation loops should be examined at other time instances to
know the behavior of the operating loop as the wave passes. There-
fore, Xfoil analysis has been carried out at different time instances
in each wave as seen in Figs. 25–27. Wake variation, as well

Fig. 28. Increase in pressure pulses as a result of increased load on the propeller
caused by the added resistance.
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as variation in propeller immersion, has been considered in this
analysis.

Comparing Fig. 24 with Fig. 26, it can be observed that the
instance of maximum cavitation volume is not necessarily the
worst condition for the propeller blade. Even though pressure side
cavitation is not seen in the MPUF analysis at any time instance,
Xfoil analysis tells us that the propeller operates very close to
having pressure side sheet cavitation at some time-instances. (Cav-
itation bucket is only approximate as noted earlier. It has been
provided as a reference to the comparison of different operating
loops.) The maximum deviation from the calm water operating
loop is seen in �/L = 1.1. In this wave, maximum increase in suc-
tion side cavitation has been observed. Moreover, the propeller is
more prone to pressure side cavitation as well as bubble cavitation
at certain time instances in this wave as compared to calm water
condition.

For the studied propeller, most of the operating points lie within
the cavitation bucket, even in the presence of waves. This could
be due to the general experience of the propeller designers about
required margins for operation in waves and off design condi-
tions, as they did not have the information about wake field in
waves at the time of designing the propeller. However, there are
no clear guidelines regarding cavitation margins to avoid perfor-
mance drop in waves, and when designing another propeller for
another ship, the resulting propeller performance in waves might
be less favourable.

3.2. Effect of increased loading

Added resistance due to waves leads to increased propeller load.
This is likely to increase the amount of cavitation on the propeller.
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Fig. 30. Increase in pressure pulses due to RPM fluctuations in waves.
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Fig. 31. Comparison of maximum increase in the first harmonic of pressure pulses
due to different factors in the presence of waves.

Moreover, pressure pulses are likely to change if there is a sig-
nificant variation in the cavitation pattern. Hence, the sensitivity
of cavitation and pressure pulses towards the increased propeller
loading has been studied.

As ship motions depend on ship speed, wake variation will
also change for different ship speed. However, in the absence
of wake data at reduced speed, wake variation at design speed
has also been used at reduced ship speed. The ship speed has
been calculated in irregular waves of peak frequency 0.090, 0.067
and 0.055 Hz, corresponding to �/L = 0.6, 1.1 and 1.6 respectively
with significant wave amplitude of 3m.  Ship speed obtained
using constant propeller RPM is 11.9, 11.3 and 11.6 knots for
the three wave conditions. The propeller has been analyzed in
each wave condition using the corresponding wake variation and
ship speed. Propeller depth was assumed constant. The only dif-

Fig. 33. Propeller efficiency, KT and KQ in the presence of waves along with pro-
peller open water data. Propeller open-water efficiency, KT and KQ have been
shown using solid, dash-dot and dashed lines respectively. Efficiency, KT and KQ in
waves has been denoted by square, circle and triangle respectively. (�/L = 0.6–Green;
�/L  = 1.1–Orange; �/L = 1.6–Blue). Performance in calm water wake has been
denoted by cross mark.

ference between the computations in section 3.1 (with constant
cavitation number) and these computations is the speed of the
ship.

Increase in pressure pulses has been computed by comparing
the pressure pulses in this analysis with those calculated con-
sidering wake change only (Fig. 16). As seen in Fig. 28, pressure
pulses increased at maximum about 0.2 kPa due to increased load.
The maximum cavitation volume increased by about 10%. How-
ever, in some cases, maximum cavitation volume and pressure
pulses decreased even after increasing the propeller load. This was
observed in the instances of wake variation that caused high pres-
sure pulses (�/L = 1.1, t/T = 0.30813and �/L = 1.6, t/T = 0.92454). It
was observed that the cavity is present for larger range of blade
angles in the presence of speed loss or increased loading, but
maximum cavitation volume is lower. However, decrease in the
maximum cavitation volume is very small.

Variation in lift coefficient and cavitation number were also
plotted to observe the effect of speed loss on operating loops. As
seen in Fig. 29 operating loops shift towards higher lift coefficient
due to speed loss, which is expected since blade angle of attack
increases due to decreased advance coefficient of the propeller as
the ship speed reduces. The increased angle of attack leads to higher
propeller loading. Note that the increase in lift coefficient is greater
for the points at lower lift coefficient. Also, the operating loops shift
towards higher sigma as the ship speed is reduced. Therefore, due to
speed loss, the probability of pressure side cavitation reduces. The
presence of waves will often be accompanied by speed loss thus,
lowering the risk of pressure side cavitation, which looks imminent
in Fig. 26.

Fig. 32. Variation in efficiency and Taylor wake fraction at different times in the presence of waves considering only wake variation.
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3.3. Effect of RPM fluctuations

As the ship travels in waves, wake fluctuates due to combined
effect of waves and ship motions. This leads to varying propeller
torque and therefore varying loads on the engine. Propeller RPM
fluctuations depend on the engine control system, system inertia,
and load variations. This RPM fluctuation might alter the cavitation
pattern and pressure pulses. It was observed that RPM fluctuation
is in phase with variation in the average wake. Whereas variation
in pressure pulses is a function of wake distribution rather than the
average wake.

RPM fluctuation was calculated using engine-propeller coupled
simulations, as described in section 2.4. In the presence of waves,
the propeller speed was  seen to fluctuate between 74 to 78 RPM at a
constant ship speed of 15.5 knots. The propeller has been analyzed
at the instant of 78 RPM in the corresponding wake. The instances
of maximum propeller speed occur at t/T = 0.39537, 0.46890 and
0.72263 in �/L = 0.6, 1.1 and 1.6 respectively. Pressure pulses in
these conditions were compared with those in the same instance
of the wake but at 76 RPM, which is design RPM. About 0.3 kPa
increase in the first harmonic of pressure pulses can be observed in
Fig. 30. However, this increase is small as compared to increase in
pressure pulses due to wake change in waves.

3.4. Summary of the factors affecting the pressure pulses in waves

The effect of wake change, ship motions, wave dynamic pres-
sure, speed loss and RPM variation has been observed on cavitation
and pressure pulses. All these effects have been considered in the

presence of waves of 3 m wave amplitude to be able to compare the
influence of these effects. Fig. 31 compares the maximum increase
in the first harmonic of pressure pulse due to all four effects. The
largest increase in pressure pulses is due to wake variation in waves.
Effects of ship motions, RPM fluctuation, and speed loss are rela-
tively small. Since wake variation is having a significant impact on
the propeller performance, it should be taken into account while
designing the propeller.

Also, note that considering the effect of wake variation in pro-
peller design procedure is much more difficult than considering
the effect of ship motions, added resistance and RPM fluctuations.
Since obtaining reliable wake in waves is a challenging task in
itself.

3.5. Efficiency variation in waves

As wake varies significantly in waves, propeller efficiency also
varies with time. The propeller has been analyzed in different wakes
in waves at design RPM, constant cavitation number, and design
ship speed. Variation in propeller efficiency due to wake varia-
tion has been plotted in Fig. 32. When KT, KQ and efficiency in the
presence of waves is plotted against the corresponding advance
coefficients, data-points follow propeller open water curves as
observed in Fig. 33. From this, we  can conclude that the efficiency
is primarily affected by the average change in wake fraction and
not much by wake distribution. Whereas cavitation and pressure
pulses are directly related to wake distribution, and they depend
less on average wake at least in the vicinity of operating point, as
we have argued earlier.

Fig. 34. Potential calm water wake and wake in �/L = 1.1 at a couple of instances.

Fig. 35. Wakes in wave �/L = 1.1 obtained using potential flow calculations at a couple of instances.
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In addition to the wake variation in waves, wake fraction aver-
aged over one wave encounter period is lower than the calm
water Taylor wake fraction due to the pitching motion of ship
leading to increased propeller inflow as described by Faltinsen
et al. [23].

Since average wake is different in the presence of waves, this can
affect the choice of optimum propeller diameter and RPM. Choosing
the optimum diameter for the wake in waves can lead to better pro-
peller efficiency in realistic operating condition rather than in calm
water. Doing so, propeller efficiency may  reduce in calm water but
the vessel will perform better in waves. A further study is required
to quantify total gain in efficiency considering different weather
conditions.

3.6. Computation of wake in waves

From the presented analysis, it is evident that the propeller
should be analyzed not just in calm water but also in waves.
Moreover, propeller optimization should also consider the oper-
ation in realistic weather conditions, since calm water is rather an
exception at sea. However, to achieve this, the first step would
be to obtain the wake distribution in waves, as wake variation
has more impact than the other effects of waves on the pro-
peller. Currently, it is not a standard practice to obtain wake in
waves. Thus, to analyze and optimize a propeller in the presence
of waves, we need to have a tool or a method to calculate wake in
waves.

The variation of spatially averaged wake in waves can be divided
into two factors: (a) Mean change in wake due to pitching motion of
ship, as explained by Faltinsen et al. [23] and (b) Wake fluctuation
due to induced particle velocities caused by incoming waves and
surge motion of ship, as discussed by Ueno et al. [24]. Both these
factors are caused by potential effects. Therefore, although wake
itself is a viscous phenomenon, wake change could be primarily
due to potential effects. Chevalier and Kim [6], Jessup and Boswell
[25] have studied cavitation of a propeller operating in waves by
calculating wake velocities using potential flow calculations. Thus,
we will proceed to check if potential flow calculations are suitable
for finding the change in wake distribution due to waves for our
current case vessel.

We  checked if potential flow calculations can be used to esti-
mate the change of wake distribution due to waves using the
Shipflow software. First, the KVLCC2 hull was simulated in calm
water to obtain the potential wake. The hull was  then analyzed
using Shipflow Motions to get the potential wake in waves. Poten-
tial wakes in calm water and in waves can be seen in Fig. 34. The
potential calm water wake has been subtracted from the calm water
wake distribution and potential wake in a particular wave has been
added to it to get total wake in a wave. Wake distribution obtained
using this procedure can be seen in Fig. 35 at a couple of instances
in wave �/L = 1.1. It can be observed that wake obtained using this
method does not resemble the wake distribution obtained from
CFD computations as seen in Fig. 1. One of the reasons is that the
difference between potential wake in waves and in calm water
is almost constant over the plane of propeller disc. Hence, wake
variation obtained using this methodology adds or subtracts a con-
stant value from the calm water wake. Therefore, contours of wake
plots remain almost unaltered while just the level of contours
changes.

Thus, it seems that viscous effects play a more significant role in
wake variation than previously thought; partly due to the relatively
high block coefficient of KVLCC2 hull. Therefore, any potential flow
calculation method must be expected to fail to capture these effects,
and therefore would fail to capture important wake features like
wake peak. Hence, potential flow methods do not seem to be suited

for calculation of the change of wake distribution due to waves, at
least in the case of high block coefficient single-screw ships. How-
ever, it would be interesting to perform similar investigations for
slender ships and twin-screw vessels.

4. Discussion

The analysis shows that the average amount of cavitation seen
in the presence of waves is not significantly different from that in
the calm water, even though the distribution of wake is very differ-
ent. However, pressure pulses show a significant increase. Pressure
pulses are proportional to the second derivative of the cavity vol-
ume. Therefore, higher cavity volume variations in the presence of
waves lead to higher pressure pulses.

It was observed that average wake and wake distribution both
change in the presence of waves. Little or no correlation is observed
between the variation of Taylor wake fraction in Fig. 32 and the vari-
ation of pressure pulses in Fig. 16. Therefore, pressure pulses vary
primarily due to change in wake distribution rather than variation
in the average wake.

The Xfoil analysis gives a clear picture of worst possible oper-
ating conditions in waves. However, these conditions would vary
depending on vessel design. Hence, instead of solely relying on
the experience of propeller designers for the cavitation margins,
it would be beneficial to have data of wake variation in at least one
wavelength. Having wake data at least in one wavelength would
be very useful, especially in the case of automated propeller opti-
mization as described by Vesting [26], where the experience of the
propeller designers is often missing.

In this study, the cavitation in different cases has been compared
in terms of its volume. It is important also to look at the erosive-
ness of cavitation in waves compared to calm water. Since smaller
volumes of cavitation can still be more erosive and therefore create
more damage to the propeller.

Investigations in this paper are based on one hull and pro-
peller design. We know that when it comes to propeller design and
wake variation, each ship will have a different propeller and wake
variation. Hence, in order to draw any generalized conclusions,
more ships should be studied to check the general validity of our
findings. Also, other wave conditions should also be analyzed e.g.
irregular waves and following waves. Moreover, full-scale experi-
mental measurements of pressure pulses in waves are required to
confirm what is seen in the simulations, since there are complex-
ities involved while going from model scale to full scale, like scale
effects for wake variation and for the propeller itself. In spite of
all this, the analysis in this paper strongly suggests that the con-
ditions could become much worse in waves and much different
from what is seen in calm water. When these conditions become
clearer, it would be possible to extend the boundaries of pro-
peller optimization by considering the conditions in the presence
of waves.

5. Conclusions

The influence of operation in waves on the propeller perfor-
mance, in terms of efficiency, cavitation extent and pressure pulses,
has been investigated in this paper, using KVLCC2 as a case. The
effect of wake change, ship motions, wave dynamic pressure, speed
loss and RPM variation has been considered. It is found that the vari-
ation of wake distribution in waves has by far the largest impact
on the propeller performance and the greatest change occurs for
waves that have a length approximately equal to the ship length.
However, getting wake data for operation in waves is hard. Also,
the number of wake fields to be considered in a propeller design
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must be very limited – current practice is to consider only the calm
water wake field at the design speed. Thus, we  recommend that
the wake field in a regular wave of wavelength to ship length ratio
�/L = 1.1 is taken into account in the design, in addition to the calm
water wake field. Knowing the wake distribution in worst intended
operating condition can help us maximize the propeller efficiency
while still avoiding the unwanted effects of cavitation and pressure
pulses.

As our study has considered only one ship and propeller design,
we recommend extending the study to more ship designs. Also, the
effect of irregular waves and different wave headings on the wake
distribution should be investigated.
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Appendix A.

See Fig. A1 and A2.

Fig. A1. Wake in the presence of wave having wavelength ratio �/L = 0.6.

Fig. A2. Wake in the presence of wave having wavelength ratio �/L = 1.6.
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Abstract 

There is increasing interest in optimizing ships for the actual operating condition rather than just for 

calm water. In order to optimize the propeller designs for operations in waves, it is essential to study 

how the propeller performance is affected by operation in waves. The effect of various factors that 

influence the propeller is quantified in this paper using a 8000 dwt chemical tanker equipped with 

twin-podded propulsion as a case vessel. Propeller performance in waves in terms of cavitation, 

pressure pulses, and efficiency is compared with the performance in calm water. The influence of 

wake variation, ship motions, RPM fluctuations and speed loss is studied. Substantial increase in 

cavitation and pressure pulses due to wake variation in the presence of waves is found. It is found 

that the effect of other factors is relatively small and easier to take into account as compared to wake 

variation. Therefore, considering the wake variation at least in the critical wave condition (where the 

wavelength is close to ship length) in addition to calm water wake is recommended in order to ensure 

that the optimized propeller performs well both in calm water and in waves. 

 

Keywords: Propulsion in Waves, Cavitation, Pressure Pulses, Marine Propeller, Propeller 

Performance in Waves, Propeller Design, Twin podded propulsion. 
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List of Variables 

A Wave amplitude 

Cp Pressure coefficient 

𝐷 Propeller diameter 

J Advance coefficient 

KT Thrust coefficient 

KQ Torque coefficient 

L Ship Length  

𝑃0 Atmospheric pressure 

𝑃𝑣 Vapour pressure of water 

R Propeller radius 

T Wave encounter period 

dB Sound level 

𝑔 Acceleration due to gravity 

ℎ Depth of propeller shaft 

k Wave number 

𝑛 Propeller rps 

t Time  

Γ Blade tip circulation 

𝜎 Cavitation number 

𝜂 Total propeller efficiency 

𝜂0 Openwater efficiency 

𝜌 Water density 

𝜆 Wavelength 
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1. Introduction 

Currently, there is growing demand in the industry to optimize ships for actual operating conditions 

rather than calm water conditions due to environmental concerns and the competition in the 

shipbuilding industry. Propeller designs, which are traditionally optimized in calm water, should be 

revisited to explore the possibility of performance improvement by optimizing them for operating in 

waves. 

Propellers are usually designed using wake field and propulsion factors obtained in calm water 

condition. However, Moor et al. [1] found that the propulsion factors change in the presence of waves, 

a finding supported by many other studies[2-5]. Nakamura et al. [2] demonstrated that wake increases 

in the presence of waves due to pitching motion of the ship. Similar results, confirming substantial 

wake variation in waves were obtained in the RANS simulation carried out by Guo et al. [3]. Hayashi 

[6] observed the strong variation of wake in three different head waves using a model of KVLCC2 

ship through PIV measurements. Chevalier et al. [7], Jessup et al. [8] studied the effect of waves on 

the cavitation inception of propeller operating in a seaway. A drop in the cavitation inception speed 

of the vessel was observed in the presence of waves. 

Due to increasing demand for efficiency, it is no longer common to design propellers completely 

without cavitation. While allowing some cavitation to increase the efficiency, one should carefully 

avoid the detrimental effects of cavitation i.e. excessive pressure pulses and erosion. Pressure pulses 

generated due to cavitation can cause vibrations in the ship structure, thus affecting passenger comfort 

and in severe cases damage the hull structure. In merchant ships, bearing forces cause about 10% of 

propeller-induced vibration velocities, whereas pressure fluctuations or hull surface forces are 

responsible for approximately 90% of the vibrations [9]. Out of 47 ships surveyed for vibration 

problems, high pressure pulses were the source of the vibration problem in 80% of the cases. Cracks 

were also reported in the aft peak of 20 ships, which correlated with the amplitude of pressure pulses 

at blade pass frequency [10]. 

Propellers are normally wake adapted to achieve high efficiency while limiting the level of pressure 

pulses. Since it is found that operation in waves has a strong influence on the wake field [2-4], the 

performance of the propeller in the presence of waves should also be considered in the design process. 

Taskar et al. [11] performed one such investigation using KVLCC2 as a case vessel to study the effect 

of waves on cavitation and pressure pulses. Wake variations in three different head waves were 

considered for the analysis and a considerable increase in pressure pulses was observed in the 

presence of waves. Among various factors studied, wake variation had by far the largest influence on 
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the pressure pulses. The study reports the need to analyze different types of ships to draw more 

generalized conclusions about the importance of waves. For single screw ships with high block 

coefficient like KVLCC2, the wake is considerably affected by the presence of hull, while for twin-

screw or twin podded vessels wake is less disturbed by the hull. Thus, it can be expected that the 

effect of waves on wake distribution will be less pronounced in these cases. Therefore, to check the 

extent to which twin podded propulsion gets affected by waves, an 8000 dwt chemical tanker with 

twin Azipull thrusters was chosen for this study. 

Considering that the lowering of pressure pulses comes at the expense of efficiency, accurate 

estimation of pressure pulses in realistic operating conditions can help in maximizing the propeller 

efficiency while still keeping pressure pulses within acceptable limits also when operating in waves. 

Effect of various factors affecting propeller performance in waves like wake change, ship motions, 

wave dynamic pressure, added resistance and RPM fluctuation is studied. Cavitation and pressure 

pulses are calculated in different wave conditions and compared with the cavitation and pressure 

pulses in calm water wake. 

2. Methods and validation 

2.1. Propeller Analysis Tools 

The propeller design software PropCalc, used by Rolls-Royce, has been utilized. The propeller 

analysis in PropCalc is performed by the software MPuF-3A, which is based on vortex lattice theory 

[12]. Details about the propeller geometry are given in Table 1. The open-water thrust, torque, and 

efficiency obtained from MPuF-3A computations is compared with the data from the propeller open 

water tests, which were carried out in the towing tank of MARINTEK using a model propeller of 

diameter 199.15 mm. The comparison can be seen in Figure 1. There is a slight discrepancy in the 

thrust and torque coefficients at lower J values, which could be due to the well-known limitations of 

potential theory based calculations at high angles of attack. In addition, the pod was located 

downstream of the propeller in the experiments whilst the presence of pod is not included in MPuF 

calculations. 
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Figure 1 Comparison of MPuF-3A simulations with the experimental data for open water condition. 

 

Table 1 Propeller Geometry 

Diameter (D) (m) 3.3 

No of blades 4 

Hub diameter (m) 0.89 

Rotational speed (RPM) 166 

𝐴𝑒/𝐴0 0.435 

(P/D)0.7 1.2 

Skew (°) 18.6 

Rake (°) -10 

 

2.2. Wake Data in the presence of Waves 

The wake is normally determined only for the calm water condition; therefore, availability of wake 

data in waves is the major hurdle in analyzing the propeller in the presence of waves. Experimentally 

obtaining the model wake data in waves would need specialized equipment like PIV (Particle Image 

Velocimetry) in the towing tank. CFD simulations in the presence of waves are also computationally 

expensive. However, with increasing hardware capacity and software developments, such 

calculations are becoming increasingly viable. Results from the Tokyo workshop [13] show that 

reliable results can be achieved for ship motions in the presence of waves using different CFD 

software. Note that for the ship, propelled by twin pods, the flow around the hull is expected to be 
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less complex than with single screw ships where accurate predictions of, for example, bilge vortices 

are difficult. Therefore, the wake field, in this case, is also expected to be less demanding to predict 

compared with single screw ships. 

Wake scaling issues can be avoided by simulating the full-scale ship in waves, which is certainly an 

advantage over model tests. Therefore, we decided to simulate the 8000 dwt chemical tanker in the 

presence of three different head waves at full-scale Reynolds number. Wavelengths were chosen such 

that different parts of the pitch RAO (response amplitude operator) can be covered, as wake is 

substantially affected by ship motions [11]. Simulations were performed at the design speed of the 

ship, which is 14 knots. The propeller was not included in the simulations, so only the nominal wake 

field was obtained. However, the pod was considered as a part of ship geometry and included in the 

computations, so that the effect of the pod on the wake variation was included. The ship main 

particulars are found in Table 2. The three different simulated conditions are specified in Table 3. 

Table 2 Ship Particulars 

Length between perpendiculars (m) 113.2 

Length at water line (m) 117.2 

Length overall (m) 118.3 

Breadth at water line (m) 19 

Depth (m) 15 

Draft (m) 7.2 

Displacement (m3) 11546 

Block coefficient (CB) 0.7456 

Design Speed (knots) 14 

 

Table 3 Simulations Conditions 

Ship 

speed 

[knot]  

Froude 

number 

[-] 

Wave 

amplitude 

[m] 

 

λ/ L 

[-] 

Encounter 

period 

[sec] 

14 0.212 

1.53 0.6 7.55 

1.28 1.1 5.89 

1.23 1.6 3.88 
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CFD modeling 

Hydrodynamic ship simulations in waves with effect of viscosity included is not yet common practice 

at the design stage, since the viscosity is considered unimportant for ship motions in waves and 

because it is considered too computationally demanding and time-consuming to apply these methods 

to a time constrained design loop. In this case, the aim of the simulations was primarily to obtain 

wake change in the presence of waves, in which case the effect of viscosity is essential.  

All simulations were performed in full scale using an Unsteady Reynolds Averaged Navier-Stokes, 

URANS, solver Star-CCM+, where the SST k-ω model was used for turbulence closure. An all-y+ 

wall treatment function was assigned to deal with the near-wall flow. The y+-target was of the order 

of 50-80. A Volume of Fluid, VOF, multiphase model was employed to calculate the flow motion in 

the two fluid phases, air and sea water. The waves were generated with a 5th order approximation to 

the Stokes theory of waves. The response and motion of the ship in waves was managed by a Dynamic 

Fluid Body Interaction, DFBI, model. The motion of the ship was constrained to two degrees of 

freedom, heave and pitch. As for domain size, it is preferable to use as small domain as possible to 

minimize the cell count. However, it is also important to make sure that the boundaries of the domain 

are not so close that they can reflect back non-physical waves into the domain. According to [11], it 

is recommended that the inlet boundary should be located 1-2 ship lengths upstream of the hull and 

outlet boundary should be 3-5 ship lengths downstream to avoid any reflections from the boundary 

walls. Domain size used for the simulations can be seen in Figure 2. The computational domain was 

discretized by a predominantly hexahedral mesh with anisotropic mesh refinement. 80 cells per 

wavelength and 20 per wave amplitude resolve the wave zone. An overset mesh domain handles the 

ship motion with respect to the mesh. Details about the cell count and the number of cells in the 

background and overset mesh can be seen in Table 4. Surface mesh on the hull in the bow and stern 

region can be seen in Figure 3 and Figure 4 respectively. Overset and background mesh in the domain 

can be seen in Figure 5 and Figure 6. A refinement to capture diverging waves can be observed in 

Figure 6. 

Table 4 Cell count for simulations in waves (in Million) 

λ/ L Background Overset Total 

0.6 34.4 9.7 44.1 

1.1 32.0 14.9 46.9 

1.6 20.6 19.8 40.4 
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In a zone at the exit of the domain, waves are numerically damped out to minimize reflections. All 

simulations were performed with half of the hull along with symmetry boundary condition on the 

vertical plane going through the center of the ship. No slip condition was applied on the surface of 

the hull. A pressure outlet was used on the downstream boundary. On the rest of the boundaries, a 

velocity inlet condition was applied. The time step for the solver is set so that it fulfills the criteria 

needed to transport the wave through the domain maintaining a sharp air-water interface. It was also 

necessary to limit the time step due to the motion of the ship, and in all cases this criterion was limiting 

the time step. 2nd order numerical schemes were used for all flow equations as well as for time 

discretization. 

 

Figure 2 Simulation domain and boundaries. 

 

Figure 3 Surface mesh around bow region of the ship. 
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Figure 4 Surface mesh around the stern and pod of the ship. 

 

Figure 5 Vertical cross section of mesh in the simulation domain. 
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Figure 6 Horizontal cross section of mesh in the simulation domain. 

Validation 

CFD simulations were also run in calm water with the same mesh settings as in the presence of waves. 

Ship resistance, sinkage, and trim were compared with the experimental values from the model tests 

[14]. CFD computations show a good match with the full-scale predictions obtained using model 

tests. 

Table 5 Comparison of results in calm water 

 Experiment CFD 

Drag [kN] 207.05 210.8 

Sinkage [m] 0.148 0.137 

Trim [deg] -0.23 -0.264 

 

To validate the CFD computations in waves, ship motions obtained from the simulations were 

compared with motion RAOs (Response amplitude operators) obtained from potential flow 

calculations as well as available experimental results. Ship motion RAOs were calculated using linear 

strip theory, implemented in the ShipX Veres software [15]. Seakeeping tests were performed at 

MARINTEK [16] using the scaled model of 1:16.57. Heave and pitch were measured in the presence 

of waves corresponding to the full-scale wave amplitude of 1m. Comparison of heave and pitch 

motions, in terms of Response Amplitude Operators (RAO) obtained from CFD, ShipX Veres and 

experiments are presented in Figure 7 and Figure 8. Ship motions obtained from CFD simulations 

show a fairly good match with the experimental results and potential flow simulations. Propeller 
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ventilation due to limited submergence is a common problem for ships operating in high waves. In 

the current case, the calm water submergence ratio was ℎ/R=3, where ℎ is submergence of the 

propeller shaft and R is the propeller radius, while the minimum propeller submergence in waves 

was ℎ/R=2. Therefore, propeller ventilation is not considered to be a problem here and not further 

considered in this study.  

 

Figure 7 Comparison of heave motion response using CFD, experiments, and shipX calculations. 

 

Figure 8 Comparison of pitch motion response using CFD, experiments, and ShipX calculations. 

CFD Results  

The aim of the CFD computations was to obtain the wake in the presence of waves. Wake data was 

extracted from the simulation after ship motions had stabilized in the computations. Wake data 

obtained in the presence of three different head waves are presented in Figure 9, Figure 10 and Figure 

11. Even for the ship with twin azipull propulsion, where the effect of the hull on wake distribution 

is lower than that compared to the single screw ship, the presence of waves seems to have a significant 

impact. 
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Figure 9 Wake in calm water compared to the wake in the presence of wave having wavelength ratio 

𝜆/L=1.6. 

 

 

Figure 10 Wake in the presence of wave having wavelength ratio 𝜆/L = 0.6. 

t/T = 0.0 t/T = 0.25 

t/T = 0.50 t/T = 0.75 

Calm water 

t/T = 0.0 t/T = 0.25 

t/T = 0.50 t/T = 0.75 
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Figure 11 Wake in the presence of wave having wavelength ratio 𝜆/L = 1.1. 

 

2.3. Calculation of speed loss 

Self-propulsion tests were performed at MARINTEK [16] for the case vessel considered in this paper. 

Speed loss was calculated in the presence of regular as well as irregular waves. Irregular waves were 

created using a JONSWAP spectrum with the value of the peakedness function (gamma) equal to 3.3. 

In the presence of irregular waves with significant waveheight 2m and peak period of 8.8 seconds, 

ship speed reduced by 1 knot at constant power setting. Speed loss was 3 knots for 4m significant 

waveheight and 11 seconds peak period. Since CFD simulations were performed at regular wave 

amplitudes ranging from 1.23m to 1.53m, it would have been appropriate to consider speed loss in 

the waves corresponding to 3m significant waveheight. In the absence of experimental data in this 

particular condition, propeller cavitation and pressure pulses were calculated at both 12 and 13 knots, 

which corresponds to 1 and 2 knots of speed loss. Irregular waves were considered for the calculation 

of speed loss to avoid getting unrealistically low ship speeds since added resistance in regular waves 

is often much larger than that in irregular waves. 

t/T = 0.0 t/T = 0.25 

t/T = 0.50 t/T = 0.75 
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2.4. Calculation of propeller RPM fluctuation 

Engine load fluctuates due to time varying wake in waves, which leads to fluctuations in the engine 

RPM. The amount of fluctuation depends on the inertia of engine, propeller and shaft, control system 

and the wake variation [17]. In the absence of engine-propeller model for the propulsion system of 

this particular vessel, the amount of RPM fluctuation has to be approximated. This approximation is 

done by computing the change of torque due to the change of wake in waves, keeping RPM constant. 

Then, the change in RPM needed to produce the same change in torque is determined keeping wake 

constant.  

In order to validate this methodology, the case of KVLCC2 was considered. Torque variations due to 

wake variation were taken from [18] to calculate RPM fluctuations using the method described above. 

Results were compared with RPM fluctuations calculated in [17] using engine-propeller coupled 

model. The above method predicts 4% fluctuations in RPM whereas fluctuations using engine-

propeller coupled model are close to 3%. Thus, it is concluded that the approximate method to 

calculate RPM fluctuations used here gives slightly conservative results. 

Applying this method to the current case vessel, propeller RPM was found to fluctuate by 2.4%, 4.2% 

and 3% in λ/L= 0.6, 1.1 and 1.6 respectively. Therefore, the propeller was analyzed at maximum 

RPMs i.e. 170, 173 and 170 RPM, which correspond to an instant of highest average wake velocity 

(at t/T=0, 0.51 and 0) in λ/L= 0.6, 1.1 and 1.6 respectively. Simulations reported in [17] show that 

the RPM fluctuates in phase with the average wake velocity meaning that RPM is largest when the 

average propeller inflow is largest. Although the current vessel and the propulsion system is much 

different from the one used by Taskar et al. [17], this conclusion can still be valid,since wake varies 

much slower than the propeller RPM. Hence the changes due to wake variation can be assumed to be 

quasi-steady from the propulsion system point of view. 

2.5. Pressure Pulse calculation 

Pressure pulses have been calculated using HullFPP [19]. The time history of cavity volume variation, 

obtained from unsteady propeller calculations in MPuF-3A, is used to derive field point potential 

induced by the cavitating propeller. The diffraction potential on the hull is solved using a potential 

theory based boundary element method to obtain the solid boundary factor. The fluctuating pressure 

on the hull is then determined by multiplying free-space pressures by the solid boundary factor. 

Pressure pulse calculations using HullFPP have been compared with experimental results by Hwang 

et al. [20]. In the current analysis, pressure pulses were computed on a flat plate at a distance of 30% 

of the propeller diameter from the blade tip. 
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2.6. Calculation of unsteady wave pressure 

Ship motions affect the propeller submergence and therefore the hydrostatic pressure at the propeller, 

and passing waves can alter the ambient pressure around the propeller. Both effects influence the 

cavitation. The total pressure was calculated at the location of the propeller shaft, considering 

propeller submergence as well as dynamic wave pressure. Propeller submergence was calculated 

based on heave, pitch, and wave elevation. The phase of the passing wave was considered for the 

calculation of dynamic wave pressure. The total pressure thus obtained was converted to effective 

propeller immersion in calm water condition. 

3. Analysis 

The aim of this study is to find out the effect of waves on cavitation and pressure pulses due to waves 

and ship motions. Therefore, the effect of different factors affecting the propeller performance was 

studied. Variation in cavitation and pressure pulses was analyzed due to the influence of wake 

variation, ship motions, RPM fluctuations and speed loss due to added resistance. Each of these 

factors was separately studied to calculate their order of importance on the propeller performance so 

that the factors affecting the most can be taken into account while designing the propellers. The effect 

of each factor is studied in the following sections. 
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3.1. Effect of wake variation and change in cavitation number 

 

Figure 12 Maximum suction side cavitation seen in each wavelength considering only wake change 

compared to cavitation in calm water wake. 

The propeller was analyzed in calm water and at different times in each wave condition. The wake 

was assumed quasi-steady for the analysis; since the frequency of propeller rotation is much larger 

than the encounter frequency of waves. In the analysis, propeller depth was kept constant even in the 

presence of waves to separately observe the effect of wake change. 

Propeller cavitation and pressure distribution on the blade at 12 O’clock position is presented in 

Figure 12 at the instant of maximum cavitation in each wave condition. In all cases, the maximum 

cavitation is seen at 12 O’clock position of the propeller blade and it is larger than the cavitation in 

the calm water wake. This difference in the amount of cavitation is due to wake variation as wake 

varies considerably in waves. Among three wave conditions λ/L=1.6 causes a maximum increase in 

the amount of cavitation followed by λ/L=1.1 and 0.6 respectively. Also, note that in addition to the 

cavitation at 12 O’clock blade position, the cavitation volumes seen at other blade locations also vary 

substantially due to wake variation. Therefore, not just the volume but the pattern of cavitation 

volume variation with respect to the blade position gets affected due to wake change in waves. 

 Calm water 𝜆/L = 0.6, t/T = 0.5 𝜆/L = 1.1, t/T = 0.61 𝜆/L = 1.6, t/T = 0.35 



119 

 

Substantial variation in the pressure distribution on the propeller blade can be observed. Especially 

close to leading edge of the blade, -Cp is higher in waves than that in calm water wake. 

The maximum cavitation occurs at a single instance in time. Therefore, to visualize the variation of 

cavitation patterns the propeller goes through in one wave encounter period, the minimum cavitation 

at 12 O’clock position in each case is shown in Figure 13. The minimum cavitation in λ/L=1.1 and 

1.6 is comparable to the cavitation in calm water wake however in λ/L=0.6 it is lower that in calm 

water. Therefore, in λ/L=1.1 and 1.6 average cavitation on propeller blades over one wave encounter 

period is larger than the cavitation volume in calm water. Pressure distribution in calm water and 

λ/L=1.6 is almost identical. Whereas in λ/L=0.6 and 1.1, the distribution of -Cp is similar and less 

severe as compared to the calm water case. 

 

Figure 13 Minimum suction side cavitation seen in the presence of wave among all three waves considering 

only wake change. 

In addition to the wake change, propeller immersion varies in waves due to ship motion, leading to a 

change in ambient pressure. Therefore, the propeller was analyzed in different wake fields taking into 

consideration the effect of ship motions and wave dynamic pressure by changing effective propeller 

immersion. Unlike in the earlier case, the cavitation number was varied along with the wake variation. 

 Calm water 𝜆/L = 0.6, t/T = 0 𝜆/L = 1.1, t/T = 0.31 𝜆/L = 1.6, t/T = 0 



120 

 

The maximum cavitation in each wave condition is shown in Figure 14. Comparing Figure 14 with 

Figure 12, the maximum cavitation decreases in λ/L=1.6. However, it increases in the other two cases. 

Therefore, in λ/L=1.6 the wake distribution corresponding to the maximum cavitation occurs at higher 

cavitation number due to the presence of waves whereas the opposite is true for λ/L=0.6 and 1.1. 

After considering the effect of varying propeller submergence, the maximum cavitation occurs at the 

same time instant in λ/L=1.1 and 1.6, while in λ/L=0.6 it is seen at a different time instant.  

Cavitation number is defined as follows: 

𝜎 = 
𝑃0+𝜌𝑔ℎ−𝑃𝑣

0.5𝜌𝑛2𝐷2  

 

Figure 14 Maximum suction side cavitation seen in each wave considering wake change, ship motions, and 

dynamic wave pressure. 

To study the variation of cavitation with respect to blade angle at different time instances, cavitation 

volumes have been plotted as function of blade angle in calm water and waves with and without 

varying the cavitation number. Cavity volume variations at fixed cavitation number in regular head 

waves λ/L=0.6, 1.1 and 1.6 can be seen in Figure 15, Figure 16 and Figure 17 respectively. In λ/L=0.6, 

the maximum cavitation volume is lower than that in calm water wake for most of the time. In λ/L=1.1 

and 1.6, larger variations in cavity volume over a wave-passage, as well as cavity volume variation 

at different blade angles are found. In λ/L=1.6 cavity volume variations are far greater than for the 

other two cases. The maximum cavitation volumes in λ/L=0.6, 1.1 and 1.6 are higher than those in 

calm water by 28%, 68%, and 202% respectively. That means in λ/L=1.6, maximum cavitation 

volume reaches almost three times the cavitation volume seen in calm water wake. Additionally, in 

some of the cases, the cavity volume varies in a different way than in calm water wake (λ/L=1.1, 

t/T=0.1; λ/L=1.6, t/T=0.59). As the cavitation number has been kept constant in these simulations, 

the effect is only due to wake variation. Therefore, from the cavitation point of view, wake in 

wavelength λ/L=1.6 is most critical, followed by λ/L=1.1 and 0.6. Interestingly, heave and pitch 

 Calm water 𝜆/L = 0.6, t/T = 0.4 𝜆/L = 1.1, t/T = 0.61 𝜆/L = 1.6, t/T = 0.35 
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motions are largest in λ/L=1.6 followed by λ/L=1.1 and 0.6, which suggests that the ship motions are 

important for wake variations. The difference between thrust and torque coefficients considering 

cavitating and non-cavitating propeller calculations was insignificant in spite of large increase in 

cavity volumes. This means that even if cavity volumes increase significantly due to waves, they are 

not large enough to affect the thrust and torque. 

 

Figure 15 Cavity volume variation in 𝜆/L = 0.6 at different times due to wake variation. 

 

Figure 16 Cavity volume variation in 𝜆/L = 1.1 at different times due to wake variation. 

 

Figure 17 Cavity volume variation in 𝜆/L = 1.6 at different times due to wake variation. 
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Figure 18 Cavity volume variation in 𝜆/L = 0.6 at different times due to wake variation, ship motions and 

dynamic wave pressure. 

 

Figure 19 Cavity volume variation in 𝜆/L = 1.1 at different times due to wake variation, ship motions and 

dynamic wave pressure. 

 

Figure 20 Cavity volume variation in 𝜆/L = 1.6 at different times due to wake variation, ship motions and 

dynamic wave pressure. 
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Cavity volume variation considering also the effect of a change in cavitation number in addition to 

the wake change is plotted in Figure 18, Figure 19 and Figure 20 for λ/L=0.6, 1.1 and 1.6 respectively. 

Comparing Figure 15, Figure 16 and Figure 17 with Figure 18, Figure 19 and Figure 20 respectively, 

the maximum cavitation volume is higher in λ/L=0.6, 1.1 and lower in λ/L=1.6 when the cavitation 

number is varied along with the wake. After considering the effects of change in propeller immersion 

due to ship motions and wave dynamic pressure the maximum cavitation volume was higher than that 

in calm water by 42%, 148% and 135% in λ/L=0.6, 1.1 and 1.6 respectively. Therefore, λ/L=1.1 turns 

out to be the critical operating condition as far as the cavitation volume is concerned. 

 

Figure 21 Variation in pressure head at the location of propeller shaft in the presence of waves. 

 

Figure 22 Phases of heave and pitch at different times in three waves (Heave: downwards is positive; Pitch: 

bow down is positive). 

 

Wake distributions leading to high cavitation in λ/L=1.6 occur at higher propeller immersion whereas 

the opposite is true in the case of λ/L=1.1 (Figure 21). 
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Considerable cavity volume variation makes it necessary to investigate the level of pressure pulses in 

the presence of waves; since pressure pulses are proportional to the second derivative of cavity 

volume [21]. Pressure pulses were computed with and without considering the effect of a change in 

cavitation number due to ship motion and wave dynamic pressure. Pressure pulses in the first, second 

and third harmonic of blade pass frequency are plotted in Figure 23, Figure 24 and Figure 25 at fixed 

cavitation number. The first harmonic of blade pass frequency is usually the highest and the most 

important from the hull vibration point of view. All three harmonic amplitudes of pressure pulses are 

substantially higher in λ/L=1.1 and 1.6 as compared to pressure pulses in calm water wake. In these 

two wave conditions, pressure pulses are higher than calm water pressure pulses for most of the wave 

encounter period; in fact, the minimum pressure pulses are of similar magnitude as in calm water 

wake. This trend is consistent for all three harmonic amplitudes. Therefore, wake variation does 

significantly affect the propeller performance in the presence of waves.  

Higher pressure pulses in λ/L=1.1 and 1.6 correspond to the increase of wake peak in the nominal 

wake. Especially, the magnitude of the wake peak with respect to average wake seems to play an 

important role; which is as per the expectations [22]. Nominal wakes at the instances of high pressure 

pulses are such that the blade at 12 O’clock position experiences higher load as compared to the other 

blades as observed in Figure 12. Interestingly, maximum pressure pulses in λ/L=1.1 and 1.6 correlate 

well with the phases of heave and pitch motions (from Figure 22 and Figure 23). Which means, in 

λ/L=1.1, maximum pressure pulses are seen close to t/T=0.6 and heave motion is also maximum 

around t/T=0.6. Similar is true for λ/L=1.6. 

Only in the case of λ/L=0.6, alteration in the level of pressure pulses is relatively small; the magnitude 

of pressure pulses fluctuates around the value in calm water wake. The increase in the cavitation 

volume is also comparatively small in this case as seen earlier. Therefore, wake change in λ/L=0.6 

has little effect on cavitation and pressure pulses. 
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Figure 23 First harmonic amplitude of pressure pulses in waves considering wake variation. 

 

Figure 24 Second harmonic amplitude of pressure pulses in waves considering wake variation. 

 

Figure 25 Third harmonic amplitude of pressure pulses in waves considering wake variation. 

It is interesting to note that pressure pulses vary due to variation in wake distribution and not because 

of the change in average wake when ship motions are significant i.e. in λ/L = 1.1 and 1.6. Variation 

in Taylor wake fraction and variation of thrust and torque coefficient in the presence of waves are 

plotted in Figure 26 and Figure 27 respectively. Variation in Taylor wake fraction and pressure pulses 

is not synchronous except in the case of λ/L=0.6, where ship motions are much smaller than the other 

two cases, causing minor deviations in wake distribution. Therefore, in λ/L=0.6 the first harmonic of 
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pressure pulses vary due to average wake rather than wake distribution, since a clear correlation 

between wake fraction and first harmonic amplitude of pressure pulses is evident. 

 

Figure 26 Average wake variation in waves. 

 

Figure 27 Variation of thrust and torque coefficient in the presence of waves due to wake variation 

Pressure pulses considering the effect of a change in propeller immersion and the dynamic pressure 

due to wave are plotted in Figure 28, Figure 29 and Figure 30. As for cavitation volumes, maximum 

pressure pulses increase in λ/L=0.6 and 1.1 after including variation in cavitation number, whereas 

they decrease in the case of λ/L=1.6. Still, the level of pressure pulses is significantly larger than the 

calm water pressure pulses in all three harmonic amplitudes except in the case of λ/L=0.6. 

Pressure pulses created in λ/L=1.1 and 1.6 are equally larger than that in calm water wake except in 

the case of third harmonic amplitude where pressure pulses are greater in λ/L=1.6. The first harmonic 

of pressure pulses in λ/L=0.6, 1.1 and 1.6 increase at maximum by 30%, 81%, and 77% respectively. 

Second and third harmonic amplitudes are notably higher than those in calm water wake. Therefore, 

the combined effect of wake variation and change in cavitation number has a noteworthy influence 

on the level of pressure pulses. 
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Figure 28 First harmonic amplitude of pressure pulses in waves considering wake variation, ship motions, 

and dynamic wave pressure. 

 

Figure 29 Second harmonic amplitude of pressure pulses in waves considering wake variation, ship motions, 

and dynamic wave pressure. 

 

Figure 30 Third harmonic amplitude of pressure pulses in waves considering wake variation, ship motions, 

and dynamic wave pressure. 

To separate the effect of the varying cavitation number, the difference in the level of pressure pulses 

in Figure 28 and Figure 23 is plotted in Figure 31 with the corresponding change in propeller depth. 

Pressure pulses are also computed at different propeller depths in calm water wake. Propeller 

immersion is the effective depth of the propeller shaft such that the variation of cavitation number 
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due to wave dynamic pressure is also taken into account. The rate of change of pressure pulses with 

respect to the propeller immersion is comparable in all cases. Calm water propeller immersion is 

4.9m, which varies from 3.5m to 6.5m in the presence of waves, causing a corresponding change in 

pressure pulses ranging from 0.28 kPa to -0.28 kPa. Comparing Figure 31 with Figure 23 shows that 

the change in pressure pulses due to wake variation alone is much larger than the change of pressure 

pulses due to depth variation. Moreover, the effect of a change in propeller depth can be estimated by 

ship motions and the rate of change of pressure pulses by simulating the propeller in calm water wake 

at different immersions whereas considering the effect of wake variation is much more complicated. 

 

Figure 31 Variation in the first harmonic amplitude of pressure pulses due to change in effective propeller 

depth (Propeller immersion in calm water is 4.9m). 

Pressure pulses of blade pass frequency and higher harmonics are often responsible for hull vibration 

and hull damage close to the propeller. However, noise created by the tip vortex has high frequency, 

and might cause inboard noise detrimental for crew and passenger comfort. Noise due to tip vortex 

can be estimated using the tip vortex index (TVI) defined by Raestad [23]. Since TVI is a function of 

tip circulation, circulation at blade section r/R=0.997 at 12 O’clock blade position is compared in the 

presence of waves at different time intervals. The variation in tip circulation can be seen in Figure 32, 

where a similar amount of increase in tip circulation is observed in λ/L=0.6 and 1.6 while in λ/L=1.1, 

the variation is rather small. The maximum tip circulation in in λ/L=0.6 and 1.6 is greater than that in 

calm water by 13% and 14% respectively. On average, tip circulation in these two conditions is larger 

than calm water tip circulation whereas it is lower in the case of λ/L=1.1. Interestingly, the trend in 

the variation of tip circulation is different from the trend seen in cavitation and pressure pulses where 

the changes in λ/L=1.1 and 1.6 were much larger as compared to λ/L=0.6. 
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Figure 32 Change in the propeller tip circulation at 12 O’clock position of the propeller blade at different 

time intervals in waves as compared to the tip circulation in calm water wake. 

In order to know if the amount of change in tip circulation can considerably alter the noise level, the 

possible increase in the inboard noise should be estimated. Noise level at a certain inboard location 

can be related to the tip vortex index (TVI) as given by [23]. 

dBref = 20 log(𝑇𝑉𝐼. 𝑛2. 𝐷2) + 20 log C1 + 10 log C2 (1) 

also, TVI ∝ Γ2 (2) 

where Γ is blade tip circulation at 12 O’clock position. 

Therefore, difference in noise level in the presence of waves as compared to calm water can be written 

as: 

dBwave − dBcalm = 20 log (
Γwave

Γcalm
)

2

 (3) 

Using Eq. (3) and the results in Figure 32, it is found that the noise level can rise by up to 2 dB due 

to the change in tip circulation observed in waves. 

3.2. Effect of increased loading 

The ship speed will decrease in the presence of head waves, mainly due to added resistance on the 

hull. Change in speed will in principle affect the wake variations, both due to changes in motions and 

in generation of wake in general. Due to the computational expense, the CFD calculations were only 

performed at the design speed of 14 knots. Therefore, the propeller has been analyzed at 12 and 13 

knots in the same set of wake variations observed in the presence of waves at the design speed of the 

ship, using the same propeller RPM as used in the design speed condition. Speed loss increases the 

loading on the propeller blades, thus affecting the amount of cavitation. Therefore, increase in the 

level of pressure pulses due to speed loss in different waves has been studied. The propeller was also 

analyzed in the calm water wake distribution found for 14 knots at 12 knots speed to compare the rate 
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of change of pressure pulses for different wake distributions as a function of speed loss. The 

differences in the first harmonic amplitude of pressure pulses obtained at the design speed of 14 knots 

and reduced speeds of 12 and 13 knots in various wake distributions are presented in Figure 33. The 

maximum increase in the first harmonic amplitude of pressure pulses due to a speed loss of 2 knots 

is around 0.58 kPa, and roughly half that value for a speed loss of one knot. Increase in pressure 

pulses due to speed loss is similar in calm water and waves. Therefore, even if wakes in waves are 

not available, it is possible to approximate the potential increase in pressure pulses by calculating the 

speed loss and using the resulting increase in propeller loading. 

 

Figure 33 Increase in first harmonic pressure pulses as a result of increased load on the propeller caused by 

speed loss of 1 and 2 knots, while keeping RPM unchanged. 

3.3. Effect of RPM fluctuations 

The propeller was analyzed at the instant of maximum average wake velocity (meaning minimum 

Taylor wake fraction) in each wave condition, which corresponds to the instance of maximum RPM. 

The simulations were performed considering wakes corresponding to those time instances and 

maximum increase in RPM, estimated based on the method explained earlier. Pressure pulses thus 

obtained at higher RPM were compared with those obtained in respective wakes at design RPM. 

Simulations were also performed in calm water wake at highest RPM observed among three wave 

conditions that is 4.2%. The increase in all three harmonics of pressure pulses in three wave conditions 

and calm water have been plotted in Figure 34. The increase in first harmonic amplitude is most 

significant in all four cases, with the maximum increase seen in λ/L=1.1 (Note that maximum increase 

in RPM was observed in this case). The level of increase in first and second harmonic amplitude is 

comparable in calm water wake and different wave conditions. Therefore, like in the case of increased 

propeller loading due to speed loss, also the effect of RPM fluctuation can be estimated by simulating 
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the propeller in calm water wake at higher RPM. Change in third harmonic amplitude is small in all 

four cases. 

 

Figure 34 Increase in pressure pulses due to RPM fluctuations in three waves and calm water. 

3.4. Summary of the factors affecting the pressure pulses in waves 

The maximum increase in the first, second and third harmonic of pressure pulses due to different 

factors is compared in Figure 35. Wake variation has by far the largest influence on all the three 

harmonics of pressure pulses followed by almost equal influence due to RPM variation and speed 

loss. The increase in pressure pulses due to wake change is as high as the level of pressure pulses in 

calm water. The effect of a change in cavitation number due to ship motions and dynamic wave 

pressure is relatively small on the first harmonic, while the effect is comparable to that due to RPM 

variation and speed loss on second and third harmonic amplitudes. 

RPM variation and ship motions increase the pressure pulses at some time intervals while decreasing 

at other times, since propeller immersion and RPM oscillates around the mean value. Interestingly, 

in λ/L=1.1 and 1.6 where ship motions are considerable, propeller immersion and Taylor wake 

fraction vary in phase; meaning that the propeller immersion is maximum when Taylor wake fraction 

is also at its peak. This can be observed by comparing Figure 21 and Figure 26. Consequently, the 

occurrence of lowest propeller immersion coincides with the highest propeller RPM (because of 

lowest Taylor wake fraction) both of which contribute to increase in pressure pulses. In λ/L=0.6, exact 

opposite is true thus the effect of ship motions on pressure pulses would tend to cancel the effect of 

RPM fluctuation; however in this case, changes in pressure pulses due to ship motions are small. 

From the propeller design point of view, obtaining the wake variation in waves is a challenging task 

in itself as already mentioned. Therefore, considering the currently available tools, it is difficult to 

take into account the effect of wake variation in the propeller design. Significant change in the 

performance was observed both in this case and in the earlier investigations using a single screw ship 

[11]. Therefore, to limit the required computations while still capturing the main effects of waves in 
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propeller performance, it is recommended to obtain wake variation at least in the critical wave 

condition (wavelength close to ship length) to have an idea about the possible performance variations 

due to waves. 

 

Figure 35 Comparison of maximum increase in pressure pulses due to different factors in the presence of 

waves. 

3.5. Efficiency variation in waves 

As wake varies substantially in waves, its effect on propeller efficiency should be investigated. Total 

propeller efficiency in three head waves has been plotted in Figure 36. It can be noted that total 

propeller efficiency varies significantly in the presence of waves. To investigate the cause of change 

in efficiency, propeller efficiency, thrust and torque coefficients in calm water and in waves have 

been plotted in Figure 37 along with propeller open water curves. Since efficiency, thrust and torque 

coefficients follow open water curves, it can be concluded that the efficiency is primarily affected by 

the average change in wake fraction and not much due to variation in nominal  wake distribution. 

Whereas cavitation and pressure pulses are directly related to wake distribution, and they depend less 

on average wake as discussed earlier. 

 

Figure 36 Variation in efficiency in the presence of waves due to wake variation. 
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Figure 37 Propeller efficiency, KT and KQ in the presence of waves along with propeller open water data. 

Propeller open-water efficiency (η), KT and KQ are shown using solid, dash-dot and dashed lines respectively. 

Efficiency, KT and KQ in waves are denoted by square, circle and triangle respectively. (λ/L = 0.6–Green;  λ/L 

= 1.1–Orange;  λ/L = 1.6–Blue). Cross marks denote the performance in calm water wake. 

4. Conclusions  

Propeller performance of a 8000 dwt chemical tanker with twin Azipull propulsion has been assessed 

in the presence of waves regarding efficiency, cavitation, and pressure pulses. The effect of wake 

change, ship motions, wave dynamic pressure, speed loss, and RPM variation has been considered. It 

is found that the variation of wake distribution in waves has the largest impact on the propeller 

performance and the greatest change in cavitation and pressure pulses occurred for waves λ/L = 1.1 

and 1.6; changes were relatively small in λ/L = 0.6.  

A notable increase in pressure pulses was observed in the analysis of KVLCC2 propeller in the 

presence of waves [11]. It was believed that the high wake of a full-bodied single-screw ship also 

lead to strong wake variations due waves. Therefore, it was expected that wake change would be 

smaller in the case of the current twin-podded case vessel. However, noteworthy wake variations 

were detected due to waves and ship motions also for the current ship, as shown in section 2.2. 

In the analysis reported in [11], wake variation led to higher pressure pulses. However, change in 

maximum cavitation volume was small. Also, cavity volume variations showed different patterns in 

the wake in calm water and waves. In the current analysis, both cavity volume and pressure pulses 

are larger in the presence of waves. However, the pattern of cavity volume variation is similar in calm 
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water and waves for most of the cases. Considering both studies, carried out on different types of hull 

and propeller designs, propeller performance does differ in the presence of waves. Therefore, 

analyzing the propeller performance in the presence of waves is recommended when designing the 

propeller. 

While designing the propeller, there is a trade-off between the allowable level of pressure pulses and 

efficiency. Restricting the level of pressure pulses also limits the maximum efficiency that can be 

achieved. It is possible that in the absence of any knowledge about pressure pulses in a rough sea, a 

conservative estimate is applied thus leading to low pressure pulses at the cost of efficiency. 

Therefore, if pressure pulses in realistic operating conditions can be calculated, the further increase 

in the efficiency can be achieved while still avoiding detrimental effects due to waves. However, 

getting wake data for operation in waves is hard. Thus, we recommend that the wake field in a regular 

wave of a wavelength close to ship length should be taken into account in the design, in addition to 

the calm water wake field.  

In the view of a substantial increase in the cavitation volumes in the presence of waves, further 

investigations are necessary to find out if the erosivity of the cavitation is getting affected due to wake 

change, since even a small amount of erosive cavitation can damage the propeller. 
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