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Abstract 

Although not in widespread use today, rigid sails installed on ocean-going powered 

ships could potentially lead to reductions in fuel oil consumption and polluting 

airborne emissions including greenhouse gases (GHG). Despite their potential 

though, there is limited literature available regarding the aerodynamic analysis of 

rigid sails, the use of rigid sails arranged as an array and the modelling of the fuel 

consumption reductions that might be possible. This research project therefore 

studied the airflow around a rigid sail and rigid sail array using a virtual wind tunnel 

and a Computational Fluid Dynamics (CFD) software application. A new rigid sail 

design designated as a segment rigid sail (SRS) was also created. This formed the 

basis for constructing 3D computer models that were subsequently used as the 

baseline for the analysis of power from an SRS array.  

Additionally a 3D computer model of a concept ship specially designed to be 

fitted with rigid sails was created and airflow around the 3D ship model (Eco Ship) 

was also observed. Furthermore a methodology for creating a rigid sail power profile 

was created, and a model for estimating the potential propulsive power a sail array 

could provide and the associated reduction in fuel oil consumption developed. A 

review of various aspects related to the installation and operation of rigid sails on 

powered ships was also undertaken and this took into account engineering, 

operational and economic considerations. 

This project found that a single SRS with a sail area of 102 m2 and an aspect 

ratio (AR) of 1.6 could potentially provide up to 171.6 kW of propulsive power on a 

ship operating at 12 knots with the apparent wind speed being 35 knots. It was also 

determined that an SRS array with 14 sails and a total sail area of 1400 m2 could 

provide approximately 47% of main engine power (PME) for an Eco Ship if the vessel 

was operating at a low speed and strong winds were present. Using typical 

operational profiles for a bulker, propulsive power from the sail array (PSA) was found 

to provide between 1.7% to 7.7% of main engine (M/E) power on voyages lasting 

several days during which wind conditions and the ships speed varied.  

Analysis conducted during the project also indicated that there was scope to 

improve the performance of multiple sails arranged in an array by adjusting their 
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spacing, orientation and rotation either together as an array, or potentially adjusting 

the position of each sail individually via an automated control system.  
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LWS  Low wind speed(s) 

N  Newton(s) 

MARPOL International convention for the prevention of pollution from ships 

MCR  Maximum continuous rating 

MDO  Marine diesel oil 

M/E  Main engine(s) 

MEPC  Marine Environment Protection Committee 

MGO  Marine grade oil 

MMSI  Maritime mobile service identity 

MV  Merchant vessel  

NACA  National Advisory Committee for Aeronautics 

NT  Net tonnage/tonnes 
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NMRI  National Maritime Research Institute (Japan) 

NOX  Nitrogen oxides 

OPEX  Operating expenditure 

Pa  Pascal(s) 

PBCF  Propeller boss cap fin  

PCTC  Pure car and truck carrier 

PM  Particulate matter 

PPMAX Post Panamax 

PV  Photovoltaic 

RE  Richardson Extrapolation 

R&D  Research and development 

Ro-Ro  Roll on – roll off 

ROI  Return on investment 

RPM  Revolutions per minute 

RSS  Rigid square sail 

SD  Sail direction 

SE  Surface elements 

SOG  Speed over ground  

SOLAS International convention for the safety of life at sea  

SOx  Sulphur oxides 

SRS  Segment rigid sail  

SS  Steam ship 

SST k-ω Shear Stress Transport k-omega turbulence model 

SSS  Semi spherical shaped 

STL  Stereolithography 

SWOT Strengths, weaknesses, opportunities and threats  

TED  Turbulent energy dissipation 
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TE  Total elements 

TKE  Turbulent kinetic energy 

TPD  Tonnes per day 

TWA  True wind angle 

TWD  True wind direction 

TWS  True wind speed 

USD  United States dollar 

VCS  Variable camber sail 

VDR  Voyage data recorder 

W  Watt(s) 
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Chapter 1: Thesis Introduction 
 

1.0 Overview  

Sails have been used on ships for over two thousand years, however their use 

rapidly declined during the 19th century as steam and then internal combustion 

engines became the primary sources of propulsion. Sails have not been used 

extensively on large powered ships now for almost a century, apart from a number of 

rigid sail trial and evaluation projects, with most of these to date having occurred 

during the 1970’s and 1980’s [1-5]. The most notable of these was undertaken by the 

Japan Marine Machinery Development Association (JAMDA) in the 1980’s, and this 

resulted in ships being fitted with what became known as JAMDA sails [5]. Recently 

though, there has been renewed interest in sail-assisted (or wind-assisted) 

propulsion solutions due in part to the implementation of regulations by the 

International Maritime Organization (IMO) aimed at reducing ship emissions 

including greenhouse gases [6-8] and the ratification of The Paris Agreement [9]. 

However there are few detailed studies available regarding the performance of 

multiple rigid sails using an array combined with the modelling of potential fuel 

savings that could be achieved based on voyage data & typical wind conditions.  

For example in a study involving a bulk carrier [10], only 4 hybrid and 4 

rectangular sails in a simple in-line configuration were examined. This study used a 

scale model of a ship in a wind tunnel but did not incorporate any CFD analysis. In 

another study, Huge Hard Wing Sails for the Propulsor of Next Generation Sailing 

Vessel [11], an inline sail configuration was examined using 9 very large wing-

shaped rigid sails. This study did examine the performance of the sail array using a 

CFD application, however the size of each sail was very large (i.e. 50 m high) and 

the fuel consumption reduction analysis was only briefly discussed. Another study 

found that the use of large collapsible wing sails could reduce diesel fuel 

consumption by around 20%, but no detailed voyage case studies were examined 

[12].  

This research project was undertaken to investigate the aerodynamic 

performance of a sail array, estimate the propulsive power it could provide and 

determine to what extent it could reduce fuel oil consumption on a large powered 
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ship. A new type of rotatable and lowerable rigid sail - the segment rigid sail (SRS), 

was also introduced and CFD simulations were conducted to analyse aerodynamic 

characteristics of the sail and a sail array. Additionally the project reviewed a range 

of factors related to the build, design and operate phases of a ship in order to identify 

the advantages and disadvantages of using rigid sails on ocean-going powered 

ships. 

1.1 Study baseline 

The analysis baseline for this project was the sail and sail array with the 3D CAD 

ship model being used only as a representation of a base ship. This approach is in 

accordance with the ClassNK guidelines for wind-assisted propulsion systems [13] 

and the International Maritime Organization (IMO) guidance in respect to calculating 

the available effective power of wind propulsion systems [14]. Consequently the CFD 

analysis began with a single segment rigid sail (SRS) (Chapters 3 & 4) and then 

progressed to the more detailed analysis of a SRS and SRS array (Chapters 5 & 6). 

The estimated propulsive power from the sail array was then used as the basis to 

estimate the fuel oil consumption reductions (FOCR) contained in the case studies 

outlined in Chapter 7.  

1.2 Outline of thesis chapters 

Chapter 1. Describes the scope of the research project, the project objectives, 

methodology and novelty aspects. This chapter also discusses how mesh 

independence was achieved and the steps taken to derive the various mesh settings 

and parameters utilized for CFD simulations. 

Chapter 2. This chapter contains a literature review regarding the past use of sails 

on ships including how they operated in conjunction with main engines. Various 

concerns related to the use of rigid sails on powered ships are examined including 

engineering, operational and economic factors based both on historical and 

contemporary sources. Fuel and emission reduction technologies are also reviewed 

and recent policy initiatives that encourage the uptake of these technologies are 

discussed. 

Chapter 3. This chapter describes the process for creating a power profile for a rigid 

sail and proposes a format for this type of profile. The power profile includes key 
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performance characteristics and allows comparisons to be made between different 

types of rigid sails. 

Chapter 4.  Airflow around a segment rigid sail (SRS) at various angles of attack is 

studied and surface pressures observed using a virtual wind tunnel. Several sail 

array configurations are also described and airflow around these arrays is briefly 

studied. This study also investigated the wake created downwind of a rigid sail as 

this becomes an important factor when considering the arrangement of multiple sails 

on a ship. 

Chapter 5. This expands upon the work in Chapter 4 and involves the study of a 

SRS using CFD analysis. This analysis enabled lift and drag force tables to be 

produced and based on this data a CX (thrust coefficient) polar graph for the sail was 

derived. A power profile for the sail was also created based on the methodology 

outlined in Chapter 3.  

Chapter 6. This is focused on determining the propulsive power from an SRS array 

a standalone configuration so that the performance baseline for the array can be 

established. The Eco Ship (or Eco Bulker) is also introduced and the dimensions and 

specifications for this ship are described. Additionally simulations involving an SRS 

array and a ship with an SRS array were conducted using both a virtual wind tunnel 

and a CFD software application. 

Chapter 7. This outlines the methodology for determining the fuel oil consumption 

reduction (FOCR) that could be achieved by the use of an SRS array mounted on an 

Eco Ship. This chapter brings together the work from Chapters 2 - 6 and reviews 

global wind data and the voyage profiles of around 50 ships that were monitored for 

a period of approximately 3 years. Potential cost savings that might be achieved via 

the use of an SRS array are also discussed. 

Chapter 8. The final chapter provides an overall summary of the project and outlines 

the main conclusions and suggests topics for further research. A brief discussion 

regarding the implications for shipping is also included.  
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1.3 Research questions, objectives & outcomes 

The aim of this project was to determine to what extent an array of segment rigid 

sails arranged in a side by side configuration on the deck of a large powered ship, 

could potentially reduce fuel oil consumption when used as a form of supplementary 

propulsion. The project was structured around four research questions and five key 

objectives. These questions are listed below followed by the research objectives and 

achieved outcomes. 

1.3.1 Research questions 

Question 1: What are some of the advantages and disadvantages of using rigid 

sails on modern powered ships? 

Outcome: This is discussed in Chapter 2 using the SWOT analysis framework. 

Question 2: What is the lift, drag and propulsive power profile for a segment rigid 

sail? 

Outcome: The power profile for the sail is contained in Chapter 3 The lift and drag 

characteristics of the sail are outlined in Chapters 3 & 4.  

Question 3: How much propulsive power could be potentially provided by segment 

rigid sail array? 

Outcome: The CFD analysis of rigid sail array is included in Chapter 6. This also 

forms the baseline for the estimating the supplementary propulsive power the sail 

array could provide when used on the Eco Ship.  

Question 4: By how much could fuel consumption be potentially reduced during 

typical voyages basis by incorporating an array of fourteen rigid sails on a large ship 

designed for their use? 

Outcome: This is outlined in Chapter 7 using several case studies that incorporate 

the voyage profiles for a typical bulker. 
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1.3.2 Research objectives 

Objective 1: The development of a methodology for estimating the propulsive power 

in kilowatts that could be provided by a rigid sail.  

Outcome: Power profile for rigid sail developed and described in detail in Chapter 3. 

This power profile was later expanded upon and used as the basis for creating a 

baseline power profile for a SRS array. 

Objective 2: To study the airflow interference caused by rigid sails and 

superstructure of a ship and how these impact the potential propulsive power that 

can be provided by sails. 

Outcome: Primarily covered in Chapters 4, 5 & 6. Airflow around individual sails and 

groups of sails were studied both as standalone structures and also when mounted 

on a ship.  

Objective 3: The creation of a generic Eco Ship model to illustrate how rigid sails 

could be fitted to a ship and what percentage of the ship’s propulsive power could be 

provided by rigid sails.  

Outcome: 3D computer models of the Eco Ship with 14 rigid sails were created. The 

3D models were then used for the various CFD simulations and subsequent analysis 

outlined in Chapters 6 and 7. A set of specifications for the Eco Ship was also 

developed including M/E power, operating speeds and overall dimensions. Figure 

1.1 shows one view of the Eco Ship 3D model that was created for this research 

project. 
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Figure 1.1. Frontal view of an Eco Ship (bulker) 3D model with rigid sail array. 

Objective 4: The development of a methodology for calculating the fuel savings that 

could be achieved via the use of rigid sails on a ship.  

Outcome: This is the focus of Chapters 6 & 7. Various 3D SRS array and Eco Ship 

models were used and CFD simulations conducted with the ship and sails at 

different orientations. This analysis was then combined with various wind speed and 

direction scenarios based on actual voyage data and weather conditions to provide 

inputs to calculate potential FOCR case studies. 

Objective 5: To investigate the performance characteristics of a segment rigid sail. 

Outcome: Primarily this was covered in Chapters 3 & 4. As part of this work surface 

pressures and airflow on and around 3D SRS models were also observed.  

1.4 Methodology 

1.4.1 Literature review  

During the course of this project, literature reviews were undertaken in stages and 

have been incorporated into Chapters 1 - 7. The reviews contained in Chapters 2 - 6 

were also necessary as they were required in the research papers submitted and 

accepted for publication as part of the thesis by publication process. A summary of 

the literature reviewed with some examples are outlined below. 
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Chapter 1: A broad range of literature related to airfoils, rigid sails, 3D objects and 

CFD simulations was reviewed and these are discussed in section 1.5. This literature 

included studies of: National Advisory Committee for Aeronautics (NACA) airfoils, lift 

and drag profiles for other rigid sails, drag profiles for 3D objects and CFD validation 

reports. Of particular interest were aerodynamic studies related to NACA 0012 

airfoils since two 3D NACA 0012 airfoil models were used to help verify the accuracy 

of the SRS CFD mesh settings. Research regarding the variation of results obtained 

from wind tunnel tests [15] and turbulence models [16] was also studied. Other 

literature related to CFD simulations that was referred to but not formally reviewed 

included: Anisotropic mesh adaptation (Parts 1-3) [17-19], Discretization Uncertainty 

Estimation Based on a Least Squares Version of the Grid Convergence Index [20] 

and Improved two-equation k-omega turbulence models for aerodynamic flows [21].  

Chapter 2: Literature reviewed for this chapter covered a broad range of subjects 

including ship emissions [22, 23], ship energy efficiency [24], shipping related 

environmental regulations [25], and the past use of sails on ships [26]. The use of 

rigid sails during the 1970’s and 1980’s was a key area of interest since it was during 

this period that several interesting designs were evaluated. These are discussed in 

several papers including: Sail assist developments [1] and The development in 

Japan of modern sail-assisted ships for energy conservation  [4]. Additional literature 

reviewed as part of the SWOT analysis included topics such as shipping economics 

[27], green logistics [28] and other wind-assisted propulsion devices including the 

Flettner rotor [29] and Walker wing sail [2].     

Chapters 3, 4 & 5: These chapters are focused on the aerodynamic analysis of the 

segment rigid sail. Literature examined included works focused on sail types similar 

to the segment rigid sail [30, 31], NACA airfoils [32-34] and the effects of shape on 

drag [35].  

Chapters 6 & 7 

These two chapters primarily encompassed reviews of literature associated with ship 

propulsion, global wind conditions and sail assisted ships studies. Some of the 

literature reviewed included: Propulsion trends in bulk carriers [36], Analysis of ship 

propulsion system behaviour and the impact on fuel consumption [37], Future Ship 
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Powering Options: Exploring alternative methods of ship propulsion [38], and 

Research and Development into Practical Applications of Power Assist Sails [39].  

1.4.2 Voyage data collection and analysis 

For a period of approximately 3 years voyage data collected via Automatic 

Identification System (AIS) receivers and from on-board recorders was studied. AIS 

data from ships in the monitoring fleet was obtained online via a vessel tracking 

website. A selection of ships in this fleet during May 2016 is shown in Figure 1.2 and 

a list of the ships and their positions as of October 2018 is included in Appendix I. 

 

Figure 1.2. Selection of ships tracked online during May 2016. 

Source: MarineTraffic.com [40]. 

Wind speed and direction data from the Roll-on/Roll-off (RoRo) high speed 

ferries Blue Star Delos and Blue Star Patmos was also studied. This was collected 
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using a portable wind vane and anemometer kit connected to a laptop computer 

(Figure 1.3). Historical wind data from research ships and meteorological agencies 

was also referred to including The World Ocean Circulation Experiment  [41], AIS 

Wind Speed & Direction Data for Sea of Japan [42] and Evaluation of global wind 

power [43]. Voyage data that was most typically studied included ship’s speed, ship’s 

heading, vessel timeline and vessel itineraries including the number of port calls and 

days underway. This data enabled voyage profiles to be created and these in turn 

we used as a basis to estimate FOCR in the case studies (Chapter 7). An example 

of a vessel timeline is displayed in Figure 1.4. 

 

Figure 1.3. Portable wind vane and anemometer on-board high speed RoRo ferry in 

Greece. 

 

Figure 1.4. Vessel timeline for MV Providana between the 28th September and 7th 

October, 2016. 

Source: MarineTraffic.com [44]. 
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1.4.3 Rigid sail power rating 

A power or performance model for a SRS was developed to enable estimates to be 

made regarding the potential fuel and emissions savings that could be achieved by 

using such a device or devices. This served as the basis to analyse the performance 

of multiple sails and observe the impact of airflow interference between these sails.  

1.4.4 FOCR model 

A model for estimating the FOCR for the Eco Ship was created. This model 

incorporated the voyage profiles mainly of bulkers and large general cargo ships but 

could be applied other ship types and sizes also. This FOCR model is described in 

detail in Chapter 7.  

1.4.5 CFD simulations and analysis 

This phase was conducted in several stages with the early stages being focused on 

the study of drag and surface pressure on and around a 12.5 m x 8 m and 4 m x 2.5 

m SRS. Further analysis was then conducted on the 4 m sail and these simulations 

enabled the performance characteristics of a single sail in a clear-wind environment 

to be better understood. After this the focus moved towards the study of SRS arrays 

and an observation of airflow around an SRS array on a ship. 

The characteristics and performance of SRS models, SRS arrays and SRS 

arrays on a ship were analysed using two CFD software applications. The 

applications used throughout the project were Autodesk® Flow Design [45] (Flow 

Design), Autodesk® CFD 2016 & Autodesk® CFD 2018 [46] (Autodesk CFD). Flow 

Design was used primarily as a virtual wind tunnel to observe airflow, drag and 

surface pressures whereas Autodesk CFD (a full CFD application) was used to 

determine lift, drag and obtain more accurate data related to the forces acting upon 

the sails. Numerical data from both applications were also used to help confirm the 

accuracy of simulation results and also validated against other studies as will be 

discussed later. Further information regarding CFD meshing, validation and mesh 

settings are outlined in section 1.5. An example of a CFD test report from simulations 

using an SRS is reproduced in Appendix II. Other references to Autodesk validation 

reports and related online documentation are outlined in section 1.5.5. Quality 
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assurance procedures in terms of model geometry, grid independence and solution 

convergence checks were mainly derived from the Autodesk CFD documentation 

[47] and in particular the online CFD Process [48] and Simulation Best Practices [49].  

These cover a range of topics including model geometry checks, mesh sizing, 

analysis strategies and examples of real world applications. International Towing 

Tank Conference (ITTC) CFD guidelines [50] were also reviewed and have been 

referred to as applicable along with studies and papers related to CFD analysis of 

other rigid sails and airfoils. In addition online instructional videos served as a guide 

when setting up simulations [51, 52] with the Autodesk Simulation YouTube Channel 

having over 500 instructional video clips [53].  

1.4.6 Analysis of wind speed and direction 

Using a variety of wind data sources mentioned earlier, an estimate of the potential 

wind conditions that a ship might encounter along major shipping routes was built 

into a matrix format as outlined in Chapter 7.  

1.4.7 Development of rigid sail models 

3D sail and array models used in the project were created using CAD software 

applications however for simulations using Autodesk CFD the models were either 

created by Autodesk Inventor® [54] (Inventor) or imported and then converted into 

Inventor format. This application is a professional-grade 3D mechanical design, 

documentation, and product simulation tool and its use allowed for 3D CAD models 

to be imported directly into Autodesk CFD. During this transfer process, model 

geometry was analysed and checked for errors by the software and any detected 

errors were rectified before simulations were conducted. The model geometry was 

also checked again when each simulation was set-up during the meshing process. 

1.4.8 Development of Eco Ship model 

The main Eco Ship 3D computer model was created based on an existing 2D 

concept design (Figure 1.5). Variations of this model were also created with the sails 

at various angles and also one version without sails.  
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Figure 1.5. Impressions of the Aquarius Eco Ship concept design with computer 

controlled rotatable & lowerable rigid sails – bulk carrier variation. 

Images used with permission. Aquarius Eco ShipTM. Copyright 2012 – 2019. Eco 

Marine Power Co., Ltd. [55]. Original concept by Greg Atkinson 2012.  

1.4.9 Fuel cost savings estimates 

Using several price levels for marine fuel oil, the annual savings that could be 

achieved through the use of rigid sails was calculated. A generic estimate is 

contained in Chapter 2 and an estimate specifically related to the Eco Ship and 

specified voyage profiles is contained in Chapter 7. 

1.5 CFD validation, verification and simulation settings 

1.5.1 Virtual wind tunnel settings and analysis  

To validate the drag co-efficient (CD) data obtained using the virtual wind tunnel 

(Flow Design) these were compared to results from other studies and also 

simulations using the full CFD application (Autodesk CFD). These comparisons are 



Page 37 

summarized in Table 1.1 and examples of images taken during several validation 

simulations are shown in Figure 1.6. 

Table 1.1. Drag coefficients of 3D objects obtained using virtual wind tunnel 

compared to literature and other studies. 

Test Case 
(Drag coefficient) 

Flow 
Design  

Other 
Study 

% 
Difference 

Notes 

3D cube.  1.02 
1.04 

1.05 [56] - 1% 
- 3.8% 

Two validation runs were 
conducted due to difficulty in 
stabilizing simulations.  

3D vertical cylinder.  0.57 0.6 [56] 
 

- 5% Length/diameter = 1. 

3D rectangular plate. 1.1 1.1[56] 0% No difference. 

SRS at AoA 90°. 
 

1.36 
(Table 4.2) 

1.38 
(Table 5.5) 

- 1.5% Comparison of bluff bodies. 

Notes:  

 Difference = % difference between Other Study result and Flow Design. 

 For reference: CD for rectangular 3D plate between 1.1 – 1.3 [56]. 

 Flow Design solution resolution set to 150. 

Flow Design displays and calculates a drag coefficient and average drag 

coefficient. The drag coefficient is based on a calculation for each iteration, whereas 

the average drag coefficient is calculated based on several iterations. For this project, 

simulations were run until the drag plot was stable and both drag coefficient figures 

were equal. Details regarding how 3D models were positioned within the virtual wind 

tunnel and other settings including the simulation resolution are described in 

Chapters 3 - 6. 
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Figure 1.6. Images taken during verification simulations using a 3D cube, 3D cylinder 

& 3D rectangular plate using Flow Design with air velocity set to 10 m/s.  

1.5.2 CFD mesh settings and mesh independence check 

A significant challenge encountered during the project was determining the mesh 

settings and simulation parameters for Autodesk CFD that could be used across a 

Direction of airflow 

Direction of airflow 

Direction of airflow 

Drag coefficient 

Average drag coefficient 
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range of scenarios that utilized three-dimensional (3D) sail and airfoil models of 

various sizes. In particular although some CFD simulation configurations were stable 

and accurate for low angles of attack (AoA), numerous problems were initially 

experienced when the sail AoA moved beyond approximately 30°. These problems 

included inconsistent results, simulations failing to converge and errors preventing 

simulations being completed such as divergence and meshing failures. Several sets 

of parameters were therefore experimented with and these are listed in Table 1.2. 

Table 1.2. CFD parameter combinations evaluated during mesh validation.  

 Turbulence 
Model 

Layers Layer 
Gradation 

Layer 
Factor 

Advection 
Scheme 

Default k-ε 3 Auto 0.45 1 

Mod 1 SST k-ω 3 Auto 0.45 1 

Mod 2 SST k-ω 3 Auto 0.84 1 

Mod 3 SST k-ω 15 Auto 0.84 1 

Mod 4 SST k-ω 3 Auto 1.0 1 

Mod 5 SST k-ω 1 Auto 0.45 1 

Mod 6 SST k-ω 1 1.1 0.45 1 

Mod 7 SST k-ω 1 1.1 1.0 1 

Mod 8 SST k-ω 3 Auto 0.45 1 

Mod 9 SST k-ω 10 Auto 0.84 1 

Mod 10 SST k-ω 10 Auto 0.6 1 

Mod 10 (1) SST k-ω 10 1.25 0.6 1 

CFD Sail SST k-ω 10 1.25 0.6 5 

SRS 1 SST k-ω 15 1.25 0.84 1 

SRS 2 SST k-ω 15 1.25 0.84 5 

 

Table notes:  Advection Scheme 1 (Adv 1) - Monotone streamline upwind. 

Advection Scheme 5 (Adv 5) - Modified Petrov-Galerkin. 

The SRS 1 parameter settings group was found to be the most stable and 

accurate. These were derived from the recommended settings for the evaluation of a 

NACA airfoil [57] and those for a sail [52]. The results obtained by using these 

settings was also found to be comparable to those described in other studies for a 

similar sail [30] and for a 3D rectangular plate [58] versus a SRS at AoA = 90o. The 

solution mode was set to steady state, the flow environment set to incompressible 

and automatic convergence utilised as discussed in Section 1.5.4.  Other simulation 

specific settings such as the boundary conditions are listed in Chapters 5 and 6.   
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Prior to conducting each series of CFD simulations, a mesh independence 

study was conducted by gradually tightening the mesh until results varied by less 

than 5%, and then tightening the mesh one step again to confirm mesh 

independence. This process was repeated for every sail position and size. The 

results from this process for the SRS at an AoA = 60o can be seen in Table 1.3. The 

entry highlighted by green text indicates the simulation that was used for obtaining 

values for FX, FY and other data plus images including contour plots. Even after the 

results varied by less than 5% the mesh was further tightened to validate the mesh. 

In some cases several series of mesh independence simulations were required 

especially at higher angles of attack.  

Table 1.3. Extract of mesh independence test results for 4 m x 2.5 m SRS at AoA = 

60o and air velocity = 10 m/s. 

FX 

N 
FY 

N 
CD CL Mesh Size 

(Elements) 
Comments/Note 

710 421 1.18 0.70 TE 643k SE 1618 Auto-convergence (Tight) 

726 437 1.21 0.73 TE 700k SE 3270 No convergence 

737 454 1.23 0.76 TE 840k SE 3079 No convergence 

725 429 1.21 0.71 TE 859k 3198 Auto-convergence (Default) 

733 444 1.22 0.74 TE 859k SE 3198 Auto-convergence (Tight) 

733 439 1.22 0.73 TE 859k SE 3198 Auto-convergence (Tight) 

725 440 1.21 0.73 TE 863k SE 3425 Auto-convergence (Tight) 

Difference in FX for converged simulations: 3.2%. Auto-convergence (Tight) 

Difference in FY for converged simulations: 4.4%. Auto-convergence (Tight) 
 
Auto-convergence (Default) used for set-up purposes. 
 
TE: total elements. SE: surface elements.  
Details regarding convergence settings contained in section 1.5.4 

 

A further example of how mesh independence was determined is shown in 

Table 1.4. In this example the sail was raised 6 m above the bottom boundary of the 

simulation area and the inlet air velocity set to 5 m/s and then to 10 m/s. In addition 

to FX & FY, the drag (CD) and lift coefficients (CL) are also shown and these varied by 
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less than 5% when the mesh was tightened. This test case is discussed further in 

Chapter 5. Again the text in green indicates the results that were used for analysis. 

Table 1.4. Extract of mesh independence test results for 4 m x 2.5 m SRS at AoA = 

90o and air velocity = 5 and 10 m/s (MH 6 m). 

v 
m/s 

FX 

N 
FY 

N 
CD CL Mesh Size 

(Elements) 
Comments/Note 

10 808 -1.6 1.35 0.00 TE 879k SE 3098 Auto-convergence (Tight) 

10 789 -3.7 1.27 -0.01 TE 915k SE 3260 Auto-convergence (Default) 

10 804 -4.3 1.34 -0.01 TE 915k SE 3260 Auto-convergence (Tight) 

10 804 -2.4 1.34 0.00 TE 915k SE 3260 Auto-convergence (Tight) 

5 202 0.6 1.34 0.00 TE 830k SE 1605 Auto-convergence (Tight) 

5 200 -0.2 1.33 0.00 TE 857k SE 3206 No convergence 

5 202 -0.3 1.34 0.00 TE 1369k SE 2158 Auto-convergence (Tight) 

Difference in CD for converged simulations: 0.74%. Auto-convergence (Tight) 

Difference in CL for converged simulations: 0%. Auto-convergence (Tight) 
 
Auto-convergence (Default) used for set-up purposes. 
  
TE: total elements. SE: surface elements.  
Details regarding convergence settings contained in section 1.5.4. 

Regarding validation, according to the online documentation: 

Autodesk® CFD is validated with a suite of test models with known results. Some 

models are compared against experimental results, and others against empirical 

hand calculations [59]. 

Validation case studies include: Drag Force on a Cylinder [60] and Terminal 

Velocity of a Falling Sphere [61]. In addition a series of simulations to verify the 

accuracy of the CFD settings used for the SRS simulations are discussed in section 

1.5.3.  

For simulations using Autodesk® CFD  the SST k-omega turbulence model  

was used and a summary of the SST k-omega governing equations as reproduced 

from Autodesk CFD online documentation [62, 63] are listed below. 
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Turbulence Kinematic Energy 
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𝜕𝑥𝑖
   (1.2) 

F1 (Blending function) 

𝐹1 = tanh {{𝑚𝑖𝑛 [𝑚𝑎𝑥 (
√𝑘

𝛽∗𝜔𝑦
,

500𝑣

𝐶𝐷𝑘𝜔𝑦2)]}
4

}       (1.3) 

Note F1 = 1 inside the boundary layer and 0 in the free stream. 

where 𝐶𝐷𝑘𝜔 is 

𝐶𝐷𝑘𝜔 = 𝑚𝑎𝑥 (2𝜌𝜎𝜔2
1

𝜔

𝜕𝑘

𝜕𝑥𝑖

𝜕𝜔

𝜕𝑥𝑖
, 10−10)       (1.4) 

Kinematic eddy viscosity 

𝑣𝑇 =
𝑎1𝑘

𝑚𝑎𝑥(𝑎1𝜔,𝑆𝐹2)
          (1.5) 

𝐹2 (Second blending function) 

𝐹2 = 𝑡𝑎𝑛ℎ [[𝑚𝑎𝑥 (
2√𝑘

𝛽∗𝜔𝑦
,

500𝑣

𝑦2𝜔
)]

2

]        (1.6) 

𝑃𝑘 (Production Limiter) is 

𝑃𝑘 = 𝑚𝑖𝑛 (𝜏𝑖𝑗
𝜕𝑈𝑖

𝜕𝑥𝑖
, 100𝛽∗𝑘𝜔)        (1.7) 

Source: SST k-omega Turbulence Models | Autodesk Knowledge Network [62]. 

According to the online documentation: 

The SST k-omega turbulence model is a two-equation eddy-viscosity model that is 

used for many aerodynamic applications. It is a hybrid model combining the Wilcox 

k-omega and the k-epsilon models. A blending function, F1, activates the Wilcox 

model near the wall and the k-epsilon model in the free stream [62]. 

The two equation turbulence model is utilized to determine the eddy viscosity and 

conductivity variables [63] and is further described in the literature [21, 64]. It should 
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also be noted that Intelligent Solution Control was enabled and this results in steady 

state analyses being run internally as transient solutions [65]. 

Mesh (or grid) convergence and independence was also studied and the 

simulation error calculated in accordance with the ITTC verification and validation 

guidelines [50, 66, 67]. For the purposes of this study three grids were selected from 

converged solutions during the mesh refinement process and these were designated 

as coarse, medium and fine grids. The average element size within the grid was 

calculated and the grid independent solution determined using Richardson 

Extrapolation (RE). In addition the variation between the extrapolated grid 

independent solution and the final solution chosen for further development (𝛿𝑠) was 

calculated and found to be less than 2%. A plot of the variation in this uncertainty as 

a percentage of the grid independent solution with respect to the average element 

size in the grid is shown in Figure 1.7. A description of how grid independence was 

determined and how RE and 𝛿𝑠 were calculated can be found in Appendix III. The 

methodology outlined in the appendix is also similar to that described in the literature 

[68-71]. 

 

Figure 1.7. x-y plot of average element size versus simulation uncertainty (𝛿𝑠) 

determined via Richardson Extrapolation (RE) for segment rigid sail. 
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1.5.3 Check of meshing using NACA 0012 airfoil & arc-shaped rigid sail 

To further assess the suitability of the SRS 1 parameter settings and check for 

modelling errors as described in the literature [66, 72], a brief study using NACA 

0012 airfoils was conducted. Primarily a NACA 0012 airfoil with an Aspect Ratio (AR) 

of 1.6 was used to check the mesh settings as it was similar to the 4 m x 2.5 m SRS 

with an AR of 1.6. A second NACA airfoil with an AR 6.7 was also utilized to re-

check the meshing process and also since the results could be quickly compared to 

a wider variety of resources, including an online database [33], a review of NACA 

0012 wind tunnel test results [15] and studies of NACA 0012 aerodynamic 

characteristics [32, 73]. The three CAD models mentioned above are shown in 

Figure 1.8. 

 

Figure 1.8. NACA 0012 3D airfoil models (AR 1.6 & AR 6.7) and SRS (AR 1.6) 

model utilized for checking of CFD mesh settings. 

Just one series of CFD simulations were conducted with the AR 6.7 airfoil at 

AoA = 10° and the lift coefficient (CL) was observed to be 0.9 compared to 0.5 for the 

same type of airfoil with an AR 1.6. This increase in lift was expected as typically 

airfoils with a higher AR will produce greater lift than the same airfoil profile a lower 

AR [34].  

The remaining simulations were conducted using the AR 1.6 NACA 0012 

airfoil and a summary of the CFD simulation results for this and the AR 1.6 SRS are 

displayed in Table 1.5. The contours of air velocity magnitude around a NACA 0012 
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airfoil and SRS at an AoA = 10° are displayed in Figure 1.9. For comparative 

purposes, lift and drag coefficients from other studies for a NACA 0012 airfoil with an 

AR of 1.6 [74] and an arc-shaped rigid sail (ARS) [75] with an AR of 1.65 are shown 

in Table 1.5. It is also worth noting that the lift coefficient for a wing is not a function 

of wing area, rather it is a function of its non-dimensional aerodynamic 

characteristics such as airfoil and aspect ratio [76]. As illustrated by Table 1.5 the 

results obtained during the brief mesh checking simulations using Autodesk CFD are 

aligned with those from other studies for a NACA 0012 airfoil and arc-shaped rigid 

sail (ARS). 

Table 1.5. Lift & drag coefficients for NACA 0012 airfoils, arc-shaped rigid sail (ARS) 

& segment rigid sail (SRS) at AoA 0°, 10° & 20°. 

AoA  CD CL 
 CD CL 

               Autodesk CFD  Other studies 

0° NACA 0012 AR 1.6  0.02 0.00 NACA 0012 AR 1.6 [72]  ≈ 0.01 ≈ 0.00 

0° SRS AR 1.6 (Table 5.5) 0.06 0.31 ARS AR 1.65 [73] ≈ 0.10 ≈ 0.30 

10° NACA 0012 AR 1.6  0.07 0.50 NACA 0012 AR 1.6 [72] ≈ 0.08 ≈ 0.50 

10° SRS AR 1.6 (Table 5.5) 0.16 0.71 ARS AR 1.65 [73] ≈ 0.20 ≈ 0.75 

20° NACA 0012 AR 1.6 0.30 0.88 NACA 0012 AR 1.6 [72] ≈ 0.30 ≈ 0.90 

20° SRS AR 1.6 (Table 5.5) 0.34 1.05 ARS AR 1.65 [73] ≈ 0.39 ≈ 1.10 

≈ indicates data approximated from plotted results in other studies [72, 73]. 

 



Page 46 

 

Figure 1.9. Mid-plane view of contours of air velocity magnitude around a NACA 

0012 airfoil and SRS with AR = 1.6 at 5 m/s and AoA = 10°. 

The primary purpose of the simulations conducted with the NACA 0012 

airfoils was to re-check the mesh settings, confirm the simulation environment was 

stable and to ensure solutions could reach convergence. 

To better visualize the air velocity and pressure contours around single SRS 

models & NACA airfoils the mesh was further refined by enhancing the meshing on 

the edges and surfaces. A region box was also used to tighten the volume mesh 

around the SRS and in the area near the wake or regions of unsteady airflow. An 

example of the surface and edge meshing are displayed in Figure 1.10. Further 

details of mesh settings and simulation environments are included in Chapters 4 - 6. 
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Figure 1.10. Example of surface and edge meshing around a 3D SRS model. 

1.5.4 Autodesk convergence settings 

Automatic convergence assessment (ACA) was selected for all Autodesk CFD 

simulations so that they were automatically halted when the solution stopped varying 

[77]. ACA was also selected to control convergence errors and assist with 

determining mesh independence as discussed in the ITTC guidelines regarding 

verification [67] and uncertainty analysis [66].  

Each CFD simulation is made up of multiple iterations, and each iteration is a 

numerical sweep through the model being analysed. The number of iterations 

required before convergence was reached varied depending on the type of model 

being analysed and also on the orientation of the model or AoA. For the SRS 

simulations for example, the number of iterations required before convergence was 

reached was typically between 500 and 1000, although in some cases more than 

1000 iterations were required. An example of a solution running until convergence is 

shown in Figure 1.11.   
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Figure 1.11. Example of SRS CFD simulation halted by automatic convergence 

assessment after 837 iterations. 

The convergence criteria used to auto-stop the analysis as described in the 

Autodesk CFD documentation [77] are listed below: 

Instantaneous convergence slope. 

For this criterion, the slopes of the convergence data of quantities on the 

Convergence Monitor are evaluated from one iteration or time step to the next. The 

minimum, maximum and mean value of all of the dependent variables is examined. 

When the maximum instantaneous slope in all of this data is below the set level, the 

solution is stopped. 

Time averaged convergence slope. 

The slope of the convergence data over several iterations or time steps is evaluated. 

The minimum, maximum and mean values of all of the dependent variables are 

considered. 

Time averaged convergence concavity. 

The derivative of the maximum time averaged convergence slope is evaluated. This 

derivative is a measure of the concavity or whether the curve is flattening (slope is 
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decreasing) or growing (slope is increasing). When the concavity falls below a pre-

determined level, the solution is stopped. 

Field variable fluctuations. 

The fluctuation of the dependent variable about the mean value is examined. In 

effect, this is a measure of the standard deviation. When the fluctuation or deviation 

is below the set level, the solution is stopped. 

1.5.5 Further notes regarding Flow Design and Autodesk CFD settings and 

validation. 

Additional information regarding mesh settings, validation, wind tunnel sizes and 

model orientations for each series of simulations using Flow Design and/or Autodesk 

CFD are described in Chapters 4 to 6. In addition some further useful references are 

listed below: 

Flow Design Preliminary Validation Brief [78]. 

Flow Design Validation Study: Ahmed Body [79]. 

Flow Design Validation Study: Automotive Drag [80]. 

Autodesk Simulation CFD External Flow Validation: NACA 0012 Airfoil [57]. 

Verification | CFD | Autodesk [59]. 

Automatic Convergence Assessment | CFD 2017 [77]. 

1.6 Novel aspects 

There are several areas in which this project generated new contributions to the 

field. Firstly the project combined CFD analysis of scale and full sized 3D segment 

rigid sail and ship models with actual voyage data and wind data. This facilitated the 

creation of a methodology for estimating propulsive power from a single SRS and 

also for estimating the propulsive power from an SRS array taking into account the 

airflow interaction and interference between the sails. This expands upon previous 

studies in which only a single sail or simple sail arrangement are studied and the 

airflow between the sails and ship are not considered. The sail array used in this 

project also consists of 14 sails in a side-by-side configuration and this type of 
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arrangement is not considered in any of the literature reviewed. Additionally the rigid 

sail created for this project is unique and not described in previous cited works. 

Secondly a new methodology to estimate the reduction in fuel consumption 

that could theoretically be achieved through the use of a rigid sail array on powered 

ocean-going ships was created. A range of voyage scenarios or case studies were 

also investigated taking into account variables including wind conditions, ship’s 

speed, main engine power and voyage duration. These case studies enabled 

estimates to be made of the propulsive power an SRS array could provide on a 

powered ship under realistic conditions based on experimental and collected data. 

Furthermore the project explored novel arrangements of rigid sails in terms of 

numbers, rotational position (or angle of attack) and arrangement or location on the 

ship.  

An assessment regarding the past use of sails on ships was also undertaken 

and a range of significant design, operational and commercial issues were identified. 

Although many of these appear supportive towards the use of rigid sails on modern 

powered ships, a number of factors were also identified that could hinder their future 

deployment. This assessment utilized a SWOT analytical framework and no other 

literature reviewed incorporated this form of analysis. 

 Lastly unique 3D Eco Ship models with SRS arrays were created specifically 

for this project. This enabled for the performance of the array to be studied taking 

into account the interaction between the sails themselves and the sails and the 

ship’s superstructure. This Eco Ship model was derived from the Aquarius Eco Ship 

[55] 2D concept design and a composite of 3D images created during this project are 

shown in Figure 1.12. Various 3D SRS sail models were also created and the use of 

these models during CFD simulations allowed for the airflow around this type of sail 

and their aerodynamic characteristics to be analysed. Surface pressures on the sails 

were also observed. This project therefore conducted the first study of airflow around 

the Aquarius Eco Ship with and without sails. 
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Figure 1.12. Views of several Eco Ship 3D models created during the project. 

1.7 Clarifications and definitions 

This research project incorporated terminology, theories, principles, abbreviations 

and nomenclatures from a variety of fields including but not limited to aerodynamics, 

maritime engineering, computational fluid dynamics, naval architecture, electrical 

engineering, business and economics. As a result some key terms and definitions 

are listed below to avoid any confusion.  

Aerofoil and airfoil. The terms aerofoil and airfoil are both used and refer to the 

cross-sectional shape of a wing or sail. The term aerofoil is included in many studies 

that use British English whereas airfoil is commonly used in research papers that use 

American English and discuss NACA wing profiles. 

Clear wind. The superstructure of a ship and other fitting such as hatches may have 

a significant impact on the performance characteristics of a rigid sail or array of rigid 

sails. In addition interference caused by other sails may also impact their 

performance. For example the accommodation block of a traditional bulker could 

obstruct much of the airflow onto and around sails mounted on the deck as shown in 

Figure 1.13. For this reason when the airflow is studied around a standalone sail (I.e. 

a sail not mounted on a ship) this is considered to be “clear wind” conditions. As 

shown in this project the performance of a single sail evaluated under clear wind 

conditions may be quite different from the results obtained when the sail is evaluated 
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on a ship model and/or as part of a sail array. Therefore it is important to make this 

distinction. 

 

Figure 1.13. Airflow analysis of bulker or large general cargo ship with AWA 180° 

and AWS 10 m/s with isosurface set to 5 m/s. 

Ocean-going ship(s). This term is used to differentiate between smaller ships that 

primarily operate on rivers, bays or harbours from the ships mentioned in this project. 

In this project the primary focus was on ships of 500 GT or more although many 

aspects of the research conducted could be also applied to smaller vessels. 

Powered ship(s). This refers to ships or vessels that derive their primary source of 

propulsive power from main engines or generators. This differs from sailing yachts or 

full rigged ships on which the sails are usually the primary source of propulsion 

although these vessels may also have engines for use when wind conditions are not 

favourable or during emergencies.  

Reference diagram. A reference diagram in respect to the degrees of movement 

and main sail forces related to the base ship are shown in Figure 1.14. The centre of 

gravity is shown for reference purposes only. Reference diagrams related to sail 

forces are shown in Chapters 4, 5 and 6. A three dimensional (3D) Cartesian 

reference system is used for all simulations unless otherwise noted.  
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Figure 1.14. Base ship reference model showing degrees of movement, side force 

and thrust. 

Sail-assisted propulsion. This refers to a form of hybrid propulsion or power 

utilized by ships whereby sails or similar devices are employed as an auxiliary or 

supplementary source of propulsion or propulsive power. Examples include powered 

ships fitted with kites, Flettner rotors or wing sails. This is also sometimes referred to 

in literature, design guidelines and media articles as wind-assisted propulsion. An 

image from a patent for a rigid sail device system [81] that could be used for this type 

of propulsion system and a picture of a small laboratory prototype are shown in 

Figure 1.15. 

 

Figure 1.15. Image from patent for a lowerable rigid sail device for sail-assisted 

propulsion system and rigid sail prototype on display in Tokyo, Japan, 2018. 

Segment rigid sail. The type of rigid sail developed for this study is designated as a 

segment rigid sail and is described more fully in Chapter 3. It would normally be fixed 

in position on the ship when raised and in operation, but is rotatable using an 

electrical or hydraulic system around the vertical axis. This would enable its 

X 

Y Z 
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rotational position (or sail direction) to be adjusted via a computer control system to 

best suit the prevailing wind conditions. This is similar to the operation of the JAMDA 

sails developed in Japan in the 1980’s [5, 10] although these sails could not be 

lowered. The covering of the sail for the CFD simulations was set to aluminium and 

the sail surfaces do not flex. In this study project it is considered that the deck may 

need to be strengthened similar to what is required when deck cranes are fitted. But 

these and other considerations would be studied in more detail during a design 

project and classification society (or class) approval process. It should also be noted 

that although the sail in this study can be rotated, it is not self-trimming. The front of 

the sail is curved with the rear surface flat and typically the front of the sail would be 

facing towards the bow of the ship. 

Turbulence. Fluid motion characterized by chaotic changes in pressure and flow 

velocity. It is in contrast to a laminar flow, which occurs when a fluid flows in parallel 

layers, with no disruption between those layers [82] . 

Wake. The region of a decelerated fluid that arises behind the body around which 

the fluid flows and extends for some distance.  

Wind speed. This refers to the wind speed at 10 m above sea level unless otherwise 

stated. This is in accordance with the Global Wind Specification along the Main 

Global Shipping Routes [83]. However for very tall sails or for kite systems, wind 

speeds at a height of 80 m would be more appropriate. A constant wind velocity was 

used for all simulations and this is in accordance with ClassNK guidelines for wind-

assisted propulsion devices [13]. However it should be noted that a gust factor needs 

to be taken into account when designing a rigid sail system for installation onto a 

classed vessel. Under the current ClassNK guidelines the gust factor is 1.4. For the 

purposes of this study the performance of the sail during high winds is not 

considered though, as it is assumed the sail would be lowered and stored in such 

conditions. For reference purposes, the use of the gust factor as outlined in the 

ClassNK guidelines (using ClassNK notation) is illustrated below: 

 Vlc1= V𝑜𝑝 Gf, (1.8)  

where Vlc1 is the design wind velocity for load case 1 in m/s, Vop  is the maximum 

operating wind velocity for in-service condition in m/s and Gf is the gust factor.  
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Chapter 2:  Considerations Regarding the Use of Rigid Sails on 

Powered Ships 
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This article has been re-formatted and edited for inclusion into this thesis. 

Abstract 

The global shipping fleet is vital to world trade with billions of tonnes of 

cargo being transported annually by merchant vessels. This activity 

however results in large volumes of carbon emissions and airborne 

particulate matter being released into the atmosphere due to the burning 

of fossil fuels for propulsion and on-board power. Recently though, there 

has been an increasing focus on the need to reduce fossil fuel 

consumption and airborne emissions across the shipping sector. To 

facilitate this, a range of technologies have been developed or are 

currently in the development phase. Rigid sails are one of these 

technologies, yet despite these being installed on a number of ships in 

the 1980s they have to date been unable to gain widespread acceptance. 

This chapter will briefly discuss the history of sails on ships and then 

review a broad range of issues regarding their use encompassing 

previous research studies, journal articles and operational experiences.  
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2.0 Introduction 

Approximately 90% of world trade (by volume) is transported by the global 

shipping fleet [84]. Not surprisingly the many thousands of ships that perform this 

vital task burn vast quantities of marine fuels for propulsion and on-board electrical 

power. A Pure Car and Truck Carrier (PCTC) for example may consume between 30 

to 60 tonnes of fuel per day depending on its operating speed and weather 

conditions [85]. On a global basis it is estimated that between 2007 - 2012 ships 

consumed on average approximately 250 million to 325 million tonnes of fuel per 

year resulting in approximately 740 to 795 million tonnes of CO2  emissions [86].  

Another estimate is that in 2007, CO2  emissions from 45,620 vessels amounted to 

943 million tonnes with the total fuel oil consumption (FOC) being 297 million tonnes 

[87]. 

In addition to CO2 emissions a range of other substances including NOX, SOX 

and particulate matter (PM) are released into the atmosphere as a result of global 

shipping activity [23, 87]. These substances have an adverse impact on human 

health with research suggesting that shipping emissions are a contributing factor in 

approximately 60,000 deaths per year [22]. In the top 50 ports alone, approximately 

230 million people are directly exposed to emissions from shipping [88]. The major 

contributing factor behind the relatively high level of emissions is the composition of 

the marine fuels used on ships [89, 90], however emissions are also a concern even 

when liquefied natural gas (LNG) is used as a fuel source [91]. 

In recent years organizations including the International Maritime Organization 

(IMO) and European Commission have taken steps to reduce airborne emissions 

from the shipping sector via policy initiatives. These include the implementation of 

Emission Control Areas (ECA’s) [23], the setting of sulphur content limits in marine 

fuels [25] and the International Convention for the Prevention of Pollution from Ships 

(MARPOL) [92]. These policy initiatives have encouraged the development and 

adoption of various eco-friendly technologies & measures [93, 94]. Examples of 

these include exhaust gas scrubbers [95, 96], waste heat recovery systems [97], 

exhaust gas recirculation (EGR) [98], air lubrication systems [99], fuel cells [100], 

Propeller Boss Cap Fin (PBCF) [101], de-rating engines, slow steaming [102], 

operational data analysis and optimised voyage route planning [24]. Renewable 
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energy technologies have also been identified  by classification societies including 

Lloyds Register [103] and DNV-GL [104] as having a role to play in reducing fuel 

consumption and emissions. These technologies include rigid sail devices including 

wing sails [105-107] kites [108], wind power rotors or Flettner rotors [29] and solar 

power [109-111].  

Sails have been used on ships since ancient times and during the golden age 

of sail, fast clippers crossed the oceans at speeds comparable to modern cargo 

ships today. Now with an increasing focus on making shipping more environmentally 

friendly, the use of sail power is again being considered as a possible supplementary 

or alternative source of propulsive power. But in addition to potential benefits 

regarding their use there are also a number of factors that to date, appear to have 

hindered their widespread use on ocean-going powered ships. 

2.1 Brief history and overview of sails on ships 

Sails were the primary source of propulsion for ships for more than two 

thousand years and it could be said that the first hybrid ships were the sail and oar 

powered triremes of ancient Greece and Rome. During the 19th century sailing ships 

known as clippers including the famous Cutty Sark (built 1869) could average 

speeds of approximately 15 knots (kn) if the winds were favourable [112]. However 

sailing ships are subject to the vagaries of the wind conditions and as a result 

voyage durations could vary significantly. This factor combined with the opening of 

the Suez Canal in 1869 [113] and the advent of the steamship during the Industrial 

Revolution, led to the gradual decline in the use of sail power as the primary source 

of propulsion for ocean going ships. 

At first sailing ships and steamships performed different roles and did not 

directly compete with each other. Interestingly most early steamships had masts and 

sails in case of engine failure or to use them as a source of propulsion when wind 

conditions were favourable [114]. During the transition from sails to steam several 

notable ships that combined a steam engine with sail power were built including the 

SS Savannah [115]. In 1819 this was the first steamship to cross the Atlantic Ocean 

and during the 29 day voyage between Savannah (USA) and Liverpool (Great 

Britain), the auxiliary steam engine was used for only about 100 hours or just 16% of 
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the voyage time [116]. The steamship Great Britain took the concept of using sails 

and steam engines together further. This ships rigging and sails were specifically 

designed to work efficiently with the primary source of propulsion – a 1000 horse 

power (746 kW) engine. At the time it was launched in 1843 it had the largest steam 

engine that had ever been used at sea [117]. On journeys to Australia the ship relied 

more on sail power than the steam engine as this was used mainly when conditions 

were not favourable. 

By the 1920’s sails were no longer in use on the majority of ocean-going ships. 

However the development of sails for powered vessels continued (albeit at a slower 

pace) and in the 1980’s a number of ships including the Shin Aitoku Maru [118] and 

Usuki Pioneer [5] were fitted with JAMDA (Japan Marine Machinery Development 

Association) type rigid sails [4, 119]. Rather than being the primary source of 

propulsion these sails were fitted to ships as a means to reduce fuel consumption.  

The use of sails in this manner is known by a number of terms including sail-assisted 

shipping and wind-assisted propulsion. 

.  

Figure 2.1. JAMDA rigid sail on a ship in Japan during the 1980’s. 

Source: Teramoto Iron Works [120].  

Although JAMDA sails (Figure 2.1) did lead to reductions in fuel consumption 

of up to 30% or more [5] the development of this technology effectively ended when 

oil prices fell [30]. During this period another type of rigid sail known as the Walker 
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WingSail was installed onto a 7000 DWT bulk carrier - MV Ashington (Figure 2.2).  

Fuel savings of up to 30% were claimed during 5 months of evaluation in 1986 [2] 

although another estimate was that on average fuel savings were 8% and up to 15-

20% under favourable conditions [121]. A few years after installation though the 

Walker WingSail was removed from the ship [122, 123]. A summary of the reported 

fuel savings for the JAMDA sails and Walker Wingsail are shown in Table 2.1.  

 

Figure 2.2. Walker Wingsail installed on MV Ashington. 

Image used with permission from Cooke Associates, Cambridge, UK. 

Table 2.1. Reported fuel savings from JAMDA sails and Walker Wingsail. 

Sail Type Reference Vessels Reported Fuel 

Savings 

References 

JAMDA Shin Aitoku Maru 

Usuki Pioneer 

10% to over 30% [5, 11, 118] 

Walker WingSail MV Ashington Average 8% 

Up to 15-20% logged 

[2, 26] 

 

Hybrid sail concepts have also been developed in recent decades and these 

sails incorporate design elements of both soft sails and rigid sails. An example of this 
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type of sail has been proposed by researchers at the National Maritime Research 

Institute (NMRI) in Tokyo, Japan, and the overall design is shown in Figure 2.3.  

Based on wind tunnel experiments and calculations the NMRI hybrid sail performed 

better in terms of lift and drag than soft and rigid sails [30]. Although promising, the 

NMRI hybrid sail has yet to be fitted to any commercial ship.  Another hybrid sail 

technology is the DynaRig and its design is based on a concept developed by 

Wilhelm Prölss in the 1960’s. This sail type is use today on the yacht - Maltese 

Falcon [124] and each sail has a camber of 12% and can be furled into the mast. 

Although the Maltese Falcon is an impressive example regarding the use of sails, it 

must be remembered that it reportedly cost US$150 million to build in 2006 [125]. 

This is approximately two to three times the cost of some of the largest cargo ships 

in service today [126].  

 

Figure 2.3. Particulars of the NMRI hybrid sail.  

Reproduced with permission. 

Sails (excluding kites) for powered ships can be broadly categorised as either being 

soft sails, hybrid sails or rigid sails and each type if briefly described in Table 2.2. 
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Table 2.2. Modern sail types for powered ships. 

Sail Type Description Examples 

 
Soft Sail 

 
A sail made from a lightweight 
material that deforms, sags and 
flexes due to the wind forces 
acting upon it.  
 

 
Square rigged sail. Sails used on 
most recreational yachts. All sails 
used on commercial shipping 
during the 1800’s. 

 
Rigid Sail  

 
A sail that is made from a material 
which does not deform, sag or flex 
significantly due to the wind forces 
acting upon it. 
 

 
JAMDA sail. Walker WingSail. 

 
Hybrid Sail 

 
A sail that includes characteristics 
of both a soft sail and a rigid sail.  
 

 
NMRI hybrid sail. DynaRig. 

There have been relatively few soft sail equipped ships with a gross register 

tonnage (GRT) of 500 tonnes or more since the end of the clipper era. Today their 

use is mainly limited to speciality cruise ships like the Club Med 2 [127] and sail 

training ships.  Hybrid sails due to their relative complexity and higher cost, appear 

suitable mainly for large luxury yachts [124] or specialised hybrid sail equipped cargo 

ships [128].  Rigid sails are not in use on large ships today but, as demonstrated by 

the JAMDA’s sails, they are able to reduce fuel consumption. Therefore it seems 

reasonable to speculate that if their more modern equivalents were used again, then 

these might prove to be an effective means of reducing FOC and emissions. An 

example of a possible arrangement of 14 rigid sails on an Eco Ship (bulker) is shown 

in Figure 2.4. This arrangement includes segment rigid sails (SRS) in a side by side 

configuration [129] with a total sail area of 1,400 m2 [130]. This vessel is a concept 

design and has to date, not been built. 
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Figure 2.4. Impression of 14 rigid sails on Aquarius Eco Ship concept design.  

Used with permission from Eco Marine Power. 

2.2 SWOT analysis: Use of rigid sails on powered ships. 

To better understand the potential benefits and limitations concerning the use of rigid 

sails a Strengths, Weaknesses, Opportunities and Threats (SWOT) analytical 

framework was used to identify key topic areas. These topic areas are outlined in a 

quadrant format in Table 2.3 and described more fully in this section.  It should be 

noted that this analysis is focused on the use of rigid sails on powered ships only, 

and not on the use of sails in general and/or on modern sailing ships or yachts where 

sails are the primary source of propulsion. A SWOT analysis is similar to a risk 

analysis in that it will continue to evolve over time. Consequently the SWOT analysis 

in this thesis will most likely need to be updated after sea trials and as further new 

sail systems are developed. In addition the topic areas identified in this analysis 

cover engineering, operational, business, regulatory and market related issues, thus 

similar issues might be identified more than once.  
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Table 2.3. Key topic areas identified during rigid sail SWOT analysis. 

Strengths 

 Reduction in fuel consumption 

 Reduction in emissions 

 Reduction in operating costs 

 Source of emergency propulsion 

 Improved vessel stability 

 Less space needed for fuel 

Weaknesses 

 Impact on ship and crew safety 

 Initial cost 

 Additional operating costs 

 Variable performance 

 Interference with cargo operations 

 Space and storage requirements 

 Additional weight 

 Additional work load for crew 

 Additional training needed for crew 
 

Opportunities  
 

 Implementation of environmental 
regulations 

 Trend towards lower emission 
shipping 

 Higher fuel prices 

 Desire to enhance brand image 

 Corporate and consumer pressure 

 Slow steaming 
 

Threats 
 

 Competing technologies 

 Competing measures 

 Industry resistance 

 Lower fuel prices 

 Alternative lower cost fuels 

 Over-stated fuel savings not 
realised 

 Ships moved to unsuitable route 

 Sails deemed too complex 

 

The topic areas identified during the SWOT analysis are related to various 

phases of the ship design (D), build (B) and operate (O) cycle (Figure 2.5) and these 

are indicated next to each section below as applicable. 

 

Figure 2.5. Overview of a typical ship design, build & operate cycle. 
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2.2.2 Strengths 

Reduction in fuel consumption (O) 

Estimates regarding how much fuel can be saved via the use of rigid sails vary 

widely and are dependent on numerous factors including the total sail area, the type 

of rigid sail(s) used and the wind conditions encountered during voyages [131-134]. 

Possibly the best estimates can be based on the operational experiences from the 

ships that were fitted with the JAMDA sails (Table 2.1). The average fuel savings 

achieved by the Shin Aitoku Maru for example has been stated as being 

approximately 10% [11]. This fuel consumption reduction is also similar to a 

calculated estimate of approximately 8% in a study for a ship using similar type sails 

operating between Mumbai and Durban [56]. In addition, fuel savings for certain 

voyages undertaken by the Usuki Pioneer were reported as being over 30% [5]. 

Thus we can conclude that based on past operational experiences and supported by 

recent research, that rigid sails have the potential to reduce fuel consumption by a 

significant amount. 

Reduction in emissions (O) 

A reduction in fuel consumption due to the use of rigid sails would also result in a 

reduction in CO2, SOX & NOx emissions. In addition to this having a positive impact 

on health and the environment [135] wind-assisted propulsion may provide economic 

benefits as well [136].  Regarding CO2 emissions it is estimated for example in one 

study that a Ro-Ro (Roll-on/Roll-off) vessel of 27,000 DWT travelling between 

Rotterdam and New York operating at 16 kn would generate approximately 77 

tonnes of CO2 emissions per voyage [137]. Assuming that fuel savings of 10% can 

be achieved this could lead to a reduction of approximately 7.7 tonnes of CO2 

emissions per voyage. Depending on the fuel type, SOX & NOX emissions would also 

be significantly reduced. 

Reduction in operating costs (O) 

Fuel used on board ships (often referred to as bunker fuel) is one of the largest cost 

items of a ship operating expenses (OPEX) [85]. A ship fitted with rigid sails could be 

expected under favourable conditions to use less fuel since the propulsive power 
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from the sails would supplement power from the main engines. This lower fuel 

consumption would consequently lead to a reduction in operating costs. For 

reference purposes a summary of FOC cost reduction scenarios are outlined in 

Table 2.6. 

Source of emergency propulsion (O) 

As with steam ships in the 1800’s, rigid sails have the potential to provide a source of 

emergency or back-up propulsion. In 1985 the Usuki Pioneer achieved a speed of 5 

kn using two JAMDA sails as the only source of propulsion [5] and it has been 

estimated that 9 large rigid sails with a total sail area of 9000 m2  could in favourable 

wind conditions, generate enough thrust to move a Capesize bulker at a speed of 

almost 14 kn [11]. Thus it can be supposed it would be possible to propel even large 

ships using sail power alone in emergency situations if wind conditions were 

favourable. 

Improved vessel stability (O) 

During the voyage of Usuki Pioneer in the winter of 1984-1985, it was observed that 

the roll angle was reduced by 30% when the sails were set [5]. Further research in 

this area is required; however it does appear that under certain conditions the use of 

rigid sails on powered ships may result in improved stability.  

Less space needed for fuel (D B O) 

On certain shipping routes it may be possible to reduce the amount of fuel stored in 

tanks due to the fuel saving achieved through the use of rigid sails. As a 

consequence this would reduce the weight of the ship and could lead to further fuel 

savings. Longer term it may be possible to design sail-assisted ships with less space 

set aside for fuel storage thereby freeing up space for extra cargo and/or allowing for 

the overall weight of the ship to be reduced. 

2.2.3 Weaknesses 

Impact on ship and crew safety (O) 

Sails on modern ships may negatively impact the safety of a ship in several ways. 

Firstly the weight of the sails and the wind forces acting upon them [75] may cause 
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the ship to heel especially when the vessel is not loaded. Secondly depending where 

the sails are located, the view from the wheelhouse or bridge could be obstructed 

and this may prove to be problematic in terms of navigation and avoiding collisions. 

Thirdly the sails may pose less obvious safety hazards such as obstructing the 

movement of the crew on the deck during an emergency or in the event of 

equipment failure, they may present a risk to the ship (and crew) if they cannot be 

stowed or secured during storms.  

Initial cost (CAPEX) (D B) 

On a large ship it is likely that more than one rigid sail will be required along with 

some form of automated or semi-automated control system. This system is likely to 

require multiple layers of safety in terms operational and system design to prevent 

accidents that may be caused by human errors or system malfunctions. This initial 

capital expenditure (CAPEX) along with the associated installation cost may be 

considered by ship owners as an optional expense since rigid sails are not currently 

considered as being essential. As a consequence, even though rigid sails may 

provide economic benefits in terms of reduced fuel costs, some shipping companies 

may be reluctant (or unable) to allocate additional funds to purchase then either 

when building new ships or for retrofitting onto existing ships. This additional cost 

may not be fully recovered by ship owners since for example, only around 40% of 

the financial savings achieved through energy efficiency measures for Panamax 

ships may accrue to the vessels’ owners for ships under charter [138]. It is also 

worth noting that rigid sail systems will also need to conform to the applicable 

classification rules [63] plus comply with the International Convention for the Safety 

of Life at Sea (SOLAS) [21] as applicable. Compliance with these and other 

regulations may also increase the initial cost of rigid sail installations. 

Additional operating expenses (OPEX) (O) 

Electrical and mechanical equipment installed on ships require regular maintenance 

especially when exposed to the harsh marine environment. This additional 

maintenance cost related will need to be factored into operating expenses (OPEX) 

and may deter ship owners from utilising rigid sails. This cost may also become 

problematic if the sails and associated equipment are unreliable and frequently need 
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to be repaired. In addition since the M/E’s may be operating at times at a lower % of 

MCR (Maximum Continuous Rating) there could be an increase in engine 

maintenance costs as has been noted from experiences with slow-steaming [139].  

Variable performance (O) 

The performance of any sail is dependent on the wind direction and wind speed and 

these vary constantly. During a voyage a ship may encounter winds of 30 kn or more 

and then spend days sailing though light winds of less than 5 kn. Additionally the 

direction of the apparent wind may not be suitable for the use of sails and in such 

cases they may provide little or no propulsive power. Other factors that impact their 

performance include interaction effects between sails and interference caused by the 

superstructure.  Interaction losses between sails have been found in one study to 

reduce the driving force by approximately 24% for multiple rectangular sails [10]. 

Thus the propulsive power from sails cannot be relied upon to be the main or even a 

significant source of propulsion at all times. On some voyages or routes they may 

provide little or no useable propulsive power. The nature of this variable performance 

could be a major issue if the ship was moved from a windy route to one where the 

winds were less favourable. In such a case, the rigid sails may not be often utilised.  

In Figure 2.6 the wind conditions that could be experienced on a route between 

North America and Europe are shown. In this example a ship sailing across from 

North America to Europe may encounter several major changes in wind direction 

with winds speeds varying from calm to 35 kn. 

 

Figure 2.6. Wind conditions in the North Atlantic Ocean (October 2015). 

Source: MarineTraffic.com [140]. 
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In Figure 2.6 wind barbs are used to show wind direction and speed. The end 

mark or tail on each barb indicates the direction the wind is blowing from, with each 

small barb representing a speed or 5 kn and a large barb representing 10 kn. 

Interference with cargo operations (O) 

A requirement for modern ships is that a sail or sails should not interfere with the 

loading or unloading of cargo [1, 132, 141] even when folded or lowered. Tall sails 

and/or masts that cannot be lowered may raise the overall air draught of the ship and 

prevent it from entering certain ports due to the height of bridges, cranes and other 

infrastructure. If rigid sails obstruct cargo handling in some way then this would most 

likely be viewed negatively by ship owners and ship charterers. Another issue to 

consider is that if a very tall sail (e.g. over 20 m in height) was unable to be lowered 

due to a mechanical failure then this may prevent a ship from berthing and/or 

unloading cargo. If such failures were common this would undermine their 

usefulness. 

Space and storage requirements (D B O) 

The inability to store or stow rigid sails could be problematic since the sails might be 

damaged during storms or interfere with cargo operations [39, 81]. Thus it is likely 

that the sails will at times need to be stored in some manner. However deck areas 

on ships are often crowded with equipment and fittings or the space is required for 

passengers and/or cargo. Therefore if space was set aside to store the sails then 

this may reduce the amount of cargo that the ship was able to carry. This reduction 

in cargo would result in less income per voyage being generated for the ship owner 

and thus undermine the cost effectiveness of using rigid sails.  Also the installation of 

rigid sails may be difficult on container-ships, LNG tankers or vessels where 

installation or storage space is not readily available.  

Additional weight (D B O) 

One prototype large rigid sail currently being tested in Japan weighs approximately 

60 tons [142] and in a study involving a very large rigid sail its weight is estimated to 

be approximately 100 tons [11]. If multiple sails of this type (or similar) were to be 

used then a significant amount of extra weight would be added to the ship. In 
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situations where the rigid sails could not be used due to poor wind conditions (or 

other reasons) then the sails effectively would become cargo. Thus instead of 

reducing fuel consumption they may to some extent, actually increase fuel use due 

to this additional weight. Another consequence of the sail weight is that this may 

adversely impact the stability of the ship [75] especially if the ships centre of gravity 

is impacted.  For new ship designs this additional weight could be accounted for 

during the design process, however in cases where sails might be retro-fitted then 

this issue would require careful attention.  

Additional training needed for crew (O) 

Even if the control of rigid sails can be fully automated via a computer system, some 

of the ship’s crew including the engine room & deck departments will need to be 

trained on how to deal with equipment failures and emergency procedures. The 

requirement for this extra training may be viewed negatively by some shipping 

companies due to the additional costs involved. Some maintenance training would 

also likely be required for the engineering department and onshore technical support 

teams. 

Additional workload for crew (O) 

In theory a fully automated rigid sail system would result in little extra work for the 

crew [1, 105]. Nonetheless there would most likely be situations when manual 

control was required. In addition the operational status of the rigid sails would need 

to be monitored. This additional workload even if quite small, is likely to be viewed 

negatively especially for ship types where the trend is towards reducing crew 

numbers. Some maintenance would also be required although much of this could be 

undertaken by onshore technical staff and contractors. 

2.2.4 Opportunities 

Implementation of environmental regulations (D B) 

The IMO has outlined a range of policies to reduce air pollution from shipping and 

further policy initiatives including a tax on carbon emissions are being discussed. 

Regulations focused on ships’ energy efficiency came into force in January 2013 

while stricter sulphur requirements regarding the use of marine fuels for specific 
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areas came into force in 2015 and will be applied globally from 2020 [104, 143]. 

These regulatory initiatives are likely to support the further development of fuel and 

emission reduction technologies including rigid sails.  

Trend towards lower emission shipping (D B) 

Green shipping, eco shipping, sustainable shipping & low emission shipping are 

themes that are now frequently discussed at shipping and maritime related events. 

Many shipping companies have sustainability programs and/or strategies that 

include plans to reduce emissions and improve energy efficiency [144-146]. This 

growing trend towards lower emission shipping may help sail-based solutions gain 

acceptance within the shipping industry.   

Higher fuel prices (D B) 

Although IFO380 was below USD $200 tonne a few years ago it is expected that 

over the long term fuel prices for shipping will remain expensive [104]. This is likely 

to drive innovation in the field of fuel reduction measures and this in turn should 

assist the development of rigid sails and other similar technologies. A similar trend 

for example has been seen in the field of automobile engineering with hybrid & 

electric cars becoming common in many countries. If the price for low sulphur marine 

gas oil (LSMGO) for example was to rise to USD $800 per tonne then annual fuel 

saving of $832,000 might be achieved on a ship fitted rigid sails if these reduced fuel 

consumption by 10% (Tables 2.5 & 2.6).  Price charts for IFO380 and LSMGO380 

are shown in Figure 2.8. 

Desire to enhance brand image 

In a recent online survey, approximately 96% of respondents indicated they would 

have a more favourable impression of a ferry or cruise ship company if their vessels 

used renewable energy (Table 2.4) [147]. This presents an opportunity for 

companies to use renewable energy technologies including rigid sails to enhance 

their brand image. This in turn could generate increased revenue by attracting 

additional customers especially those focused on making spending choices based 

on environmental and sustainability issues.  
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Table 2.4. Response to Q4 of survey: Renewable energy on cruise ships & 

passenger ferries [147]. 

Would you have a more favourable impression of a ferry or cruise ship 
company if their vessels used renewable energy? 

Yes, very much so. Yes, to some extent. 
My impression would not be 
changed. 

70.9% 25.5% 3.6% 

Corporate and consumer pressure (O) 

Governments and corporations in many countries are taking measures to reduce 

their carbon footprint as a result of concerns about climate change. This has led to 

programmes aimed at reducing CO2 emissions in logistics via initiatives such as 

“Green Logistics” [28]. Initially many of these programmes were focused on land 

transport however attention is shifting towards sea transport as well. Shipping 

companies therefore are likely to experience pressure to meet the demands of their 

customers in terms of reducing emissions. This along with consumer pressure and 

public awareness [103] may help facilitate the acceptance of rigid sails across the 

shipping sector. 

Slow steaming (O) 

Slow steaming is an operational measure implemented by shipping companies to 

reduce fuel costs by lowering the operating or cruising speed of their vessels [102]. 

Since powered ships operating at lower speeds are generally more suited to the use 

of sails [148] this trend could assist the uptake of rigid sails. 

2.2.5 Threats 

Competing technologies and measures (B D O) 

A number of alternative technologies and measures that will reduce fuel 

consumption and/or emissions are available or being developed as outlined in the 

introduction to the chapter including air-lubrication systems and slow steaming.  

These options together with rigid sails will be subjected to a cost-benefits analysis 

and the results compared. For various reasons, these competing technologies and 
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measures may in certain cases be more suitable or cost effective than rigid sails. 

Slow steaming for example requires no additional equipment to be installed, though 

this measure does result in longer transit times and an increase in pipeline inventory 

[102]. Ship design options include the Semi Spherical Shaped (SSS) bow developed 

by the Kyokuyo Shipyard Corporation that theoretically can save around 800 tons of 

fuel and about 2,500 tons of CO2 emissions annually [149] (Figure 2.7). However it is 

difficult to compare reductions in emissions and fuel consumption for different types 

and sizes of ships operating on diverse routes with dissimilar main engines and also 

possibly operating at different speeds. Therefore the figures quoted in this chapter 

are included for the purposes of a literature review only and to indicate how 

innovative design solutions could reduce fuel consumption and emissions. 

 

Figure 2.7. City of Rotterdam with SSS bow. 

Picture courtesy of Paul Whitelaw.  

Industry resistance (B D) 

The shipping industry has a reputation for being slow to adopt new technologies 

[104]. Consequently rigid sails may not gain acceptance if shipping companies can 

meet regulatory requirements via existing technologies or measures even if these 

are not as effective. In additional organisational barriers may also hinder their 

acceptance [150]. 
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Lower fuel prices (D B O) 

The development of the JAMDA sails and similar technologies [1, 3] effectively came 

to an end when the price of oil fell in the 1980’s. Lower oil or marine fuel prices 

effectively extend the return on investment (ROI) time-frame for rigid sails and other 

fuel saving technologies. This can be illustrated by considering the estimated daily 

fuel oil consumption (FOC) profile of a bulk carrier incorporating a rigid sail system 

as shown in Figure 2.4. This configuration comprises of 14 sails with a total sail area 

of 1,400 m2. The profile of this bulk carrier is outlined in Table 2.5 and various ROI 

scenarios are presented in Table 2.6. 

Table 2.5. Example fuel oil consumption (FOC) profile for Capesize bulk carrier with 

14 rigid sails. 

Ship Type Bulker 

Operating Speed 12-14 knots 

Days at Sea 260 

FOC (Daily) 40 tonnes 

FOC (Annually) 10,400 tonnes 

Rigid Sail FOC 
Savings* 

10% or 1,040 tonnes per year 

* Estimate based on previous rigid sail trials and not 
specific to any particular sail type or sail configuration. 

For the purpose of estimating potential cost savings it was assumed that on 

average a ship fitted with rigid sails (JAMDA type or similar) can achieve fuel savings 

of 10% per annum as per Table 2.1. To calculate the ROI period a baseline cost of 

USD $2.5 million for a generic rigid sail system is a total sail area of 1,400 m2 is used. 

The rigid sail cost estimate is a theoretical figure since accurate figures for a modern 

rigid sail solution in commercial production are not available. 
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Table 2.6. Rigid sail ROI scenarios for bulker fitted with a generic rigid sail system 

FOC Savings Scenarios (IFO380) – All amounts in $USD 
Rigid Sail System Cost: $2.5 million 

Cost per tonne Annual Fuel Cost Potential FOC Savings ROI Period 

$1000 $10.4 million $1.4 million 1.8 years 

$800 $8.32 million $832,000 3.0 years 

$600 $6.24 million $624,000 4.0 years 

$400 $4.16 million $416,000 6.0 years 

$200 $2.08 million $208,000 12 years 

Annual fuel cost = FOC annually (tonnes) x fuel cost per tonne 

 

If the price for IFO380 fell back to USD $200 per tonne then the ROI pay-back 

period would be 12 years and this timeframe is unlikely to be attractive to many ship 

owners. This in turn may negate the necessity to install rigid sails on existing or on 

planned newbuilding projects. 

 

Figure 2.8. Price charts for IFO380 and LSMGO prices 2015 – 2018. 

Used with permission from Ship and Bunker [151].  
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Alternative lower cost fuels (O) 

LNG is a relatively cleaner and potentially lower cost fuel that is gaining increasing 

acceptance across the shipping sector especially since it has virtually no sulphur 

content [152]. Other alternative fuels being studied or considered include methanol, 

ethanol, biodiesel and hydrogen [153]. If these alternative fuels prove effective in 

lowering operating costs and emissions then interest in the use of rigid sails and 

other similar technologies for ships may decline. 

Over-stated fuel savings not realised (O) 

As discussed earlier the performance of rigid sails are influenced by many factors. It 

is possible therefore that the theoretical estimated fuel savings outlined in discussion 

papers, company brochures and presentations at conferences etc. might be based 

on overly optimistic assumptions. Subsequently these estimates may not be 

replicated during sea trials or observed during normal operations. If this situation was 

to eventuate then confidence in rigid sails as a fuel saving technology would be 

diminished. 

Ship moved to unsuitable route (O) 

Many ships operate on a charter basis [154] and may sail on different routes during 

their operational life. Some of these routes may be less suitable for the use of rigid 

sails due to wind and weather conditions. Hence shipping companies might be 

reluctant to invest in this technology or similar technologies if their vessels are likely 

to be moved to routes where these would be less effective.  

Rigid sails deemed too complex (O) 

Even the simplest form of a rigid sail system would typically comprise of a mast, sail 

structure, electrical and/or hydraulic equipment to position the sail and a computer 

control system. This combination of system elements might be considered too 

complicated to manage and operate when compared to other relatively straight 

forward fuel saving measures such as slow steaming, regular hull cleaning, 

innovative bow designs or weather routing. 
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2.3 Conclusions 

Rigid sails have the potential to provide an auxiliary or supplementary source of 

propulsion on powered ships. This potential has been realized in the past with the 

use of JAMDA type sails in the 1980’s being the most notable example. Ships fitted 

with these sails reportedly reduced their fuel consumption between 10% to over 30% 

albeit under favourable conditions.  Therefore it can be concluded that if rigid sails 

were again fitted to ocean-going powered ships that significant reductions in fuel oil 

consumption and airborne emissions could be achieved. In addition they may 

provide other potential tangible and intangible benefits including improving the health 

of those living near ports and shipping lanes, being a source of emergency 

propulsion, improving vessel stability and enhancing the brand image and reputation 

of shipping companies that utilize them. 

However a number of issues highlighted in this chapter require further 

research. These issues may hinder the use of this promising technology until 

feasible and cost effective solutions can be found. The most significant of the issues 

identified are: 

 Safety concerns - in terms of protecting personnel and the vessel itself. Areas 

that need particular focus include ship stability, measures to prevent accidents 

due to human error or equipment failure and the handling of the sails in poor 

or extreme weather conditions. 

 Design limitations - related to physically installing rigid sails and incorporating 

rigid sails into new or existing ship designs including meeting classification 

society requirements. 

 Economic and business considerations - including up-front costs, return on 

investment periods and operating costs. Importantly rigid sails should be 

competitive with other fuel and emission reduction technologies and/or 

measures even during periods when fuel prices are relatively low.  

 Operational issues - in terms of ongoing maintenance requirements and the 

performance of rigid sails under varying operational and weather conditions. 
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Chapter 3: Power Profile for Segment Rigid Sail 
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This article has been re-formatted and edited for inclusion into this thesis. 

Abstract 

Rigid sails have the potential to lower fuel consumption on powered 

ships by using the wind as a supplementary source of propulsive power.  

The amount of propulsive power that can be provided by each sail is 

dependent on a number of variables which include the sail type, sail area 

and number of sails deployed. Since each type and size of rigid sail has 

its own performance characteristics it is difficult to estimate the 

propulsive power that could be provided by a particular rigid sail and to 

make comparisons between different rigid sail designs. To overcome this 

problem a rigid sail power profile is proposed in this chapter. This power 

profile outlines key performance characteristics, establishes a design 

baseline and facilitates comparisons to be made between different types 

of rigid sails.  
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3.1 Introduction 

The use of rigid sails on ships as a means to reduce fuel consumption and emissions 

has in recent years been the subject of various research papers and articles [26, 103, 

118, 153]. Past experiences including the use of Japan Marine Machinery 

Development Association (JAMDA) type sails have shown that they can be an 

effective source of supplementary and emergency propulsion [5]. Fuel savings of 

30% or more have been reported from trials although in theory 100% of a ship’s 

propulsive requirements could be provided by sails [5, 131]. However, it is often 

unclear how much propulsive power a rigid sail of a particular type and size could 

provide and difficult to compare the performance between different rigid sail types for 

varying wind conditions based on past research [30, 155].  

A standardized methodology for estimating the potential power from rigid sails 

would overcome these problems. This framework could also be used to assist in the 

calculation of fuel consumption savings, emission reductions and return on 

investment (ROI). When combined with key design parameters a more informative 

power profile for any type of rigid sail could also be prepared. This chapter will 

outline the methodology for preparing a power profile based on a segment rigid sail 

(SRS). 

3.2 Segment rigid sail 

A modified version of a JAMDA sail is used as the basis for the power profile and 

related calculations for this chapter. This variation is designated an SRS and is 

similar to the square rigid sails mentioned in other studies [30, 141]. 

3.2.1 Sail dimensions 

The main dimensions of the SRS are shown in Figure 3.1. 



Page 79 

 

Figure 3.1. Main dimensions of segment rigid sail (SRS). 

The sail in Figure 3.1 differs from a typical JAMDA or crescent shaped rigid 

sail in that the rear of the sail is a flat surface with only the front being curved. During 

normal operation, the rear of the sail would be positioned in relation to direction of 

the apparent wind as shown in Figure 3.4. For the purpose of avoiding confusion in 

cases where the sail may be lowered the expression SH will be used to represent sail 

height and the term chord (C) used to represent the width. AF refers to the front 

curved surface area of the sail.  

The sail area (A) and chord (C) for the SRS in Figure 3.1 are determined 

using: 

 A = SHC,  (3.1) 

 AR = SH/C,  (3.2) 

where SH is the sail height and C the chord of the sail. For the SRS in Figure 3.1, A = 

102 m2 and AR = 1.41.  

The aspect ratio (AR) of the sail is an important consideration since taller sails 

may have a higher centre of gravity and this may in turn have an impact on the 

(Rear flat surface) 

(Curved surface) 
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stability of a ship [118]. Additionally the AR will affect the shape of the sail and thus 

have an impact on its drag profile [35]. 

To calculate the front surface area of the sail (AF) the length of the surface arc 

must be known. This can be determined using: 

 Arc length =∫ ds
b

a
= ∫ √1+ (

dy

dx
)

2

 dx
b

a
, (3.3) 

Where x represents the chord length and y the sail thickness. 

 

Figure 3.2. SRS horizontal cross-section.  

The sail thickness (1 m) was selected to provide a sail profile that would allow 

for a mast to be mounted inside the sail. It should be noted that varying this 

dimension would impact the sail shape and thus alter to some extent the lift and drag 

characteristics of the sail. Based on the horizontal cross-section of the SRS shown in 

Figure 3.2, the Arc Length can be calculated using the following values: 

    x = 8.5 m, 

y = 1 m. 

Thus the Arc Length for the SRS using Equation (3.3) is 8.81 m. The front 

surface area of the sail (AF) can then be determined using: 

 AF = Arc length x SH,  (3.4) 

For the sail in Figure 3.1, AF = 105.7 m2.  
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For square or segment, crescent and rectangular shaped wing sails, the 

methodology outlined in this chapter can be used to develop a power profile. For 

more complex wing or aerofoil shapes the calculation method for the sail or planform 

area would need to be modified. An overview of the main rigid sail types is shown in 

Figure 3.3. 

 

Figure 3.3. Overview of main rigid sail types. 

3.3 Estimating rigid sail power  

3.3.1 Lift, drag and thrust coefficient 

Figure 3.4 displays the lift, drag and sail driving force (F) as they relate to a rigid sail 

on a ship.  

 

Figure 3.4. Simplified rigid sail forces in relationship to ship direction and movement. 

 

chord line 
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The lift (L) and drag (D) forces are defined as:   

L =
1

2
 CLv2A, (3.5) 

D =
1

2
 CDv2A, (3.6) 

where  is the density of fluid (1.2 kg/m3 for air at sea level at 20°C), v is the flow 

velocity (m/s), A is the characteristic area of the body (m2), CL is the lift coefficient 

and CD is the drag coefficient. For wing shaped sails AF would typically be used as 

the characteristic area of the body (A) in equations (3.5) and (3.6). Force (F) is 

calculated using the sail driving force coefficient CX as explained in the next section. 

3.3.2 CX polar curve 

To calculate the sail driving force or propulsive force in the direction of the ship’s 

movement the sail driving force coefficient CX is required. For a rigid sail with the 

characteristics shown in Figure 3.1, a CX polar curve was derived based on the 

results of wind tunnel tests conducted by the National Marine Research Institute 

(NMRI) [30].  

 

Figure 3.5. CX polar curve for SRS based on results obtained by the NMRI (Fujiwara 

et al. 2003). 

AWA 

0° - 360° 
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The major difference between the CX Polar Curve in Figure 3.5 and the similar 

sail in the NMRI study is that the value for CX between 330° to 030° has been set to 

zero. This is to reflect that in practice, this type of sail would not be used when winds 

were coming from directions within that zone and that they would either be lowered 

or feathered. This area is designated as the ‘dead zone’. For developing a power 

profile, it is considered that the sail would not provide any useful propulsive power 

when the apparent wind is coming from any direction within the dead zone.  

CX is plotted for 10° increments since this is sufficient for the force and power 

calculations required for the power profile. The maximum theoretical value for CX has 

also been limited to 1.4 for simplification. The flattened appearance of the plot curve 

between approximately 140° and 220° is due to the sail effectively becoming a drag 

only device when winds are coming from these directions. The plot has also been 

smoothed for simplification purposes. 

CX can also be calculated using the following expression: 

 CX = CL sin β – CD cos β, (3.7) 

where β is the apparent wind angle. 

3.3.3 Minimum drag 

To obtain the minimum drag coefficient the sail was orientated in a virtual wind 

tunnel with one edge pointing towards the direction of the airflow. In this position the 

angle of attack is 0° and the profile of the sail facing the wind is more aerodynamic 

[35] than would be its typical operational profile.  

The virtual wind tunnel used for determining the minimum drag was 

constructed using the Autodesk Flow Design application [45]. A 3D CAD model of 

the SRS was placed inside the simulated wind tunnel and a drag plot was created at 

a wind veloclity of 10 m/s. The SRS was positioned approximately 20 m clear of the 

bottom of the wind tunnel to avoid surface interference. The resolution of the 

simulation was set to 200% leading to a voxel size of 0.341 m. The resolution adjusts 

the voxel size with a higher the resolution resulting in a smaller the voxel size. A 

further explanation of voxels and their use during wind tunnel simulations is outlined 

in the online documentation: 
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The wind tunnel is transparently divided into a grid made up of small pieces 

called "voxels". The calculation works by solving the flow equations on each 

voxel and then assembling them to form the overall solution. Flow Design 

transparently performs this operation by automatically determining the voxel 

sizes based on the model and the wind tunnel [156]. 

A screenshot taken during the virtual wind tunnel simulation is shown in Figure 3.6. 

 

Figure 3.6. Screenshot of virtual wind tunnel test conducted to obtain minimum drag 

coefficient. 

The minimum drag coefficient can be used to calculate the minimum drag 

force exerted by the sail when raised or unfolded.  A sail might be orientated in such 

a position when direction of the apparent wind was coming from within the dead 

zone. This is similar to the feathering an aircraft propeller when the associated 

engine is not in use or not usable when the aircraft is in flight. For the purposes of 

the sail profile in this chapter, the minimum drag is calculated at AoA = 0° to simplify 

the process for feathering the sails via a computer control system. This allows for the 

sails to produce minimal drag even if there are minor changes in the direction of any 

headwinds. 

Direction of airflow 
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3.4 Rigid sail power profile 

3.4.1 Force and power calculations 

Using the maximum value of CX from Figure 3.5, the maximum theoretical propulsive 

power of the rigid sail can be calculated along with maximum power values at other 

wind speeds.  

Force (F) in the direction of the ship movement is obtained using: 

 F = 
1

2
 CX ρv2 A, (3.8) 

F (Force) can then be used to calculate the propulsive power that can be provided by 

the sail: 

 P = FvShip,  (3.9) 

where P is the power (W), F the force (N) and vShip the velocity of ship (m/s). 

A range of maximum calculated values for force and power for a rigid sail when CX 

equals 1.4 with wind speeds between 5 to 40 knots are shown below in Table 3.1. 

Table 3.1. Segment rigid sail propulsive power at selected wind speeds with ship 

speed of 12 knots and CX = 1.4. 

V 
(Apparent) 

(kn) 

V 
(Apparent) 

(m/s) 

Force 
 

(N) 

Ship 
Speed 

(kn) 

Ship 
Speed 
(m/s) 

Power 
 

(kW) 

5 2.6 568.7 12 6.2 3.5 

10 5.1 2274.9 12 6.2 14.0 

15 7.7 5107.1 12 6.2 31.5 

20 10.3 9068.6 12 6.2 56.0 

25 12.9 14186.3 12 6.2 87.6 

30 15.4 20404.4 12 6.2 126.0 

35 18.0 27805.1 12 6.2 171.6 

40 20.6 36316.8 12 6.2 224.2 
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Maximum power (PMAX) from the sail is defined as being equal to the 

maximum propulsive power that could be provided by the sail at its maximum 

operating limit (in terms of wind velocity) using the maximum value of CX.  

For the purposes of this thesis the operating design limit of the sail is set to 35 

knots or 18 m/s thus the theoretical PMax would be 171.6 kW. For a ship fitted with 

multiple sails the total potential power would be a sum of the output of each sail 

before taking into account the interaction between the sails and ship itself [10]. A 

possible arrangement of multiple rigid sails on a future bulk carrier design is shown 

in Figure 3.7. 

 

Figure 3.7. Possible arrangement of multiple rigid sails on a future bulk carrier.  

Picture used with permission from Eco Marine Power Co. Ltd. [55]. 

3.4.2 Power profile 

An example of a power profile for the sail in Figure 3.1 has been created using the 

methodology explained in the chapter. This power profile is shown in Table 3.2. 

Since the profile could be used for numerous rigid sail types it would facilitate side-

by-side comparisons. A supplementary table could also be prepared that listed the 
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force and power values at differing values of CX depending on the angle of attack 

(AoA). This would further assist with fuel saving modelling. The minimum drag 

coefficient for the sail was determined with one edge pointing towards the direction 

of the airflow as discussed in section 3.3.3. 

Table 3.2. Example of power profile for segment rigid sail (SRS). 

 

AWA 

0° – 360° 

 

Dead zone Dead zone 
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3.4.3 Limitations 

The power profile displayed in Table 3.2 represents the theoretical ‘clear wind’ 

performance of a rigid sail and does not take into account interference caused by 

ship fittings, superstructure and/or deck. Additional interference and/or drag would 

also be introduced via the mast the sail was attached to. If multiple sails were fitted 

to a ship the interference between sails would also need to be factored into an 

overall total sail power estimate. 

3.5 Conclusions 

A power profile for a rigid sail is a useful framework by which key performance 

values can be calculated and displayed in a standardised format. This format can be 

used to compare the performance of different types of rigid sails ranging from a 

relatively simple SRS as outlined in this chapter, to more complex wing sail designs. 

The power profile would also assist with modelling potential fuel savings and 

emission reductions. In addition the specifications and design parameters would 

provide useful information for ship designers, shipping companies and marine 

engineers. 

Chapter epilogue 

The primary purpose of this chapter was to introduce the segment rigid 

sail, determine the methodology for creating a rigid sail power profile and 

to define and clarify key performance and design attributes. This power 

profile could also be submitted to classification societies during the 

design approval process and incorporated within rigid sail design 

projects to assist in establishing a design baseline. 
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Chapter 4: Analysis of Drag, Airflow and Surface Pressure 

Characteristics of a Segment Rigid Sail  
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Abstract 

This chapter is focused on the study of the airflow around a segment 

rigid sail and determining its drag characteristics. Sail surface pressures 

were also observed and recorded as these would be required during a 

sail design project. The concept of using the sails as an array is also 

introduced and several types of sail array are discussed. For all 

simulations a virtual wind tunnel was used and the sail was rotated so its 

performance at various angles of attack could be observed. 

 

 

 

 

 

 

 

 

 



Page 90 

4.1 Introduction 

Sails have been used on ships for thousands of years but currently their use is 

limited to mainly small recreational or sporting vessels, large luxury yachts and sail 

training ships. However sails have in the past been used on ocean-going merchant 

ships to supplement power provided by the main engines.  

In terms of powered ships there are basically three main sails types – soft, 

rigid and hybrid. Soft sails are commonly used on yachts and are made of a flexible 

material. Rigid sails, as the name implies, are made mainly from a non-flexible 

material and hybrid sails combine characteristics of both. Generally speaking, hybrid 

sails are also more complex in design than soft and rigid sails.  

The most notable use of rigid sails on merchant ships was during the 1980’s 

when JAMDA (Japan Marine Machinery Development Association) type sails were 

fitted to Shin Aitoku Maru and 17 other vessels [118]. These crescent-shaped sails 

reduced fuel consumption by up to 30% [5, 118]. Since a reduction in fossil fuel 

consumption would also lead to a reduction in emissions then rigid sails have the 

potential to be an effective emission reduction technology as well. For every 1 tonne 

of heavy fuel oil (HFO) saved, CO2 emissions could be reduced by approximately 3 

tonnes [157]. For example a ship using 40 tonnes of HFO per day at sea for 260 

days a year would consume approximately 10,400 tonnes of fuel per year resulting in 

CO2 emissions of approximately 31,200 tonnes. Thus if rigid sails led to a reduction 

in fuel consumption of 10 – 30% then annually 1,040 – 3,120 tonnes less HFO would 

be consumed and CO2 emissions reduced by approximately 3,120 – 9,360 tonnes.  

Ideally rigid sails would be used on ships that were designed to accommodate 

them since this would enable the sails to best utilise the available wind. To facilitate 

this it is necessary therefore to understand the airflow around the sails so as to 

determine the positions at which they perform best.  

4.2 Methodology 

A 3D graphical model of a segment rigid sail (SRS) was created as shown in Figure 

4.1. This sail has a similar cross-section and profile as the square rigid sail outlined 

in the study On Aerodynamic Characteristics of a Hybrid-Sail with Square Soft Sail 

[30]. Consequently for the current study the thrust coefficient (CX) for the square rigid 
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sail outlined in that study was used as a reference. The SRS was set onto a mast 

which resulted in the lower edge of the sail being 4 metres above the bottom of the 

tunnel. This is defined as being the mast height (MH). The diameter (d) of the mast 

was 0.5 m. The rear surface area or sail area (A) was 100 m2. 

 

Figure 4.1. Main dimensions for a 12.5 m x 8 m SRS. 

The SRS 3D model was uploaded into a virtual wind tunnel using the Flow 

Design application [45]. The SRS model scale was 1:1 and the dimensions of the 

wind tunnel were left as per the application determined settings. For the main 

simulation tests the wind velocity was set to 10 m/s and the simulation resolution set 

to 150. 

The dimensions of the sail in Figure 4.1 differ from those outlined for the same 

type of sail in Chapter 3. This is because in the previous chapter a generic segment 

rigid sail was used to introduce the concept of a power profile, whereas in this 

chapter the detailed performance analysis the segment rigid sail begins.  

Figure 4.2 illustrates how the SRS was positioned inside the virtual wind 

tunnel. The plane positioned in the middle of the sail shown in Figure 4.2 was used 
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to produce air velocity and air pressure contour images. The wind tunnel was also 

rotated so that pressure on and near the surfaces of the SRS could be observed. 

 

Figure 4.2. Position of the SRS model in virtual wind tunnel showing mid-plane 

location. 

The left hand side of the tunnel was considered as being the rear of a vessel 

and the right hand side the front. Airflow within the tunnel was from left to right. A 

diagram representing the top view of the sail in the tunnel and the relationship 

between Lift (L), Drag (D) and Thrust are shown in Figure 4.3.  

 

Figure 4.3. Relationship of Lift and Drag with respect to the SRS model within the 

virtual wind tunnel (Top view). 

Direction of airflow 
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Simulations were conducted in 10 degree steps for each angle of attack (AoA) 

between 0° to 90°. As each AoA was set the dimensions of the tunnel were 

automatically adjusted. As the angle of attack increased beyond 30° the width of the 

virtual wind tunnel was checked to ensure there was no airflow interference between 

the sail and sides of the tunnel. The dimensions for the wind tunnel during the 

simulations and the voxel sizes are shown in Table 4.1. 

Table 4.1. Virtual wind tunnel dimensions and voxel sizes. 

 

4.3 Results and analysis 

4.3.1 Air velocity and air pressure 

At each AoA air velocity and deferential air pressure (relative to the wind 

tunnel boundary) observations were made. In Figure 4.4 observations for an AoA of 

0° and 10° are shown.  
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Figure 4.4. SRS air velocity and differential air pressure relative to tunnel boundary 

for AoA 0° and 10° (Mid-plane/Top view). 

At an AoA of 0° the velocity of air over the curved front surface was slightly 

higher than that over the flat or rear surface. In accordance with Bernoulli's principle 

the air pressure contours over the front surface were also slightly lower than on the 

rear flat surface.  The reason a negative pressure is indicated is because this is a 

differential pressure contour relative to pressure set at the boundary. A relatively 

small wake was also produced downwind of the sail as can be observed in Figure 

4.4. In this position it could be stated that the sail would effectively produce little 

force in the direction of the ships movement. However, setting a sail at an AoA of 0° 

may be useful as it would allow for the device to be feathered for the purpose of 

minimising drag as an alternative to lowering or folding the sail when wind conditions 

were not suitable. This would occur for example when the direction of the wind was 

from across the bow of the ship. At an AoA of 10°, the difference in airflow velocity 

and air pressure between the front and rear of the sail became more pronounced. 

This indicates lift was being produced. The wake created by the sail was also more 
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evident. At or around this AoA represents the position where the sail begins to 

provide useable propulsive force. 

As expected, when the AoA was increased, the resultant drag force and area 

of the wake behind the sail also increased. Figure 4.5 shows the air velocity and air 

pressure contours for angles of attack from 20° to 40°. It was also observed that as 

the AoA is increased, the air pressure on the sail surface facing the direction of 

airflow also increased. The sail wake is significant at an AoA of 30° and by 40° it is 

almost the same width as the sail. In this position the velocity of airflow downwind for 

several sail lengths would be significantly reduced. 

 

Figure 4.5. SRS air velocity and differential air pressure relative to tunnel boundary 

for AoA 20° to 40° (Mid plane/Top view). 

As the AoA was increased towards 90°, the air pressure on sail continued to 

rise and the resultant wake expanded until at AoA = 90° the width of wake was wider 

than the sail (Figure 4.6). For the image used for Figure 4.6 a separate simulation 



Page 96 

was run so that the wind tunnel length could be extended to approximately 156 

metres. At this AoA any sails located within the region of the wake would be less 

effective.   

 

Figure 4.6. Air velocity contours and SRS wake at AoA 90° (Mid plane/Top view). 

Given the sail wake becomes increasingly large from approximately AoA = 

30°, this may be problematic in terms of locating multiple sails on a ship since the 

effectiveness of these sails may be impacted by the wake(s) created by the upwind 

sail(s).  

4.3.2 Drag coefficient and drag force 

At each AoA the drag coefficient (CD) and drag force (FD) was recorded (Table 

4.2). In Figure 4.7 drag force is plotted against the AoA. As the AoA increases, CD 

and FD also rise. The minimum drag force observed was 274.36 N at AoA = 0° with 

the minimum drag coefficient CD(MIN) = 0.32. A maximum drag of 8390 was observed 

at AoA = 90°. This correlated to a maximum drag coefficient CD(MAX) of 1.36. These 

key performance characteristics could be used along with other features to compile a 

rigid sail power profile. This would allow the specifications for sails of differing 

designs to be compared [134]. 

Based on the CL-CD  curve for a square rigid sail (Figure 4.8) it is known that 

CL reaches a maximum value and then declines when CD is approximately 0.75 [30]. 

This correlates to an AoA of approximately 30° for the segment rigid sail in the 

current study and thus we can conclude that this equates approximately to the stall 

angle in airfoil terms.  
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Table 4.2. CD and FD for each AoA for SRS.  

 

 

Figure 4.7. Drag force versus AoA for SRS derived from virtual wind tunnel 

simulations.  

 



Page 98 

 

Figure 4.8. Approximated CL - CD plot for rigid sail based on study by NMRI (2003).  

Between AoA = 30° to 90° the profile of the sail facing the wind essentially 

moves from being an angled flat plate to finally at AoA = 90° being flat plate 

perpendicular to the direction of the wind.  It is therefore possible to calculate area of 

the sail in the direction of airflow using: 

 AD = Cos θ A, (4.1) 

where AD is the area of the sail in direction of airflow, θ is the angle of sail relative to 

wind and A is the sail area. 

Once AD is determined the force on the sail can be calculated using: 

 FD = 0.5 pv2 AD CD, (4.2) 

where F is the force in N,  is the air density (1.225 kg/m3 at sea level), v is the air 

velocity in metres per second (10 m/s) and CD is the drag coefficient (Table 4.2). 

Using Formula (4.2), it was possible to calculate the force F(Cal) on the sail 

and compare this to the results obtained via the wind tunnel simulations F(Obs) 

(Table 4.3). 
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Table 4.3. Observed (Obs) and calculated (Cal) drag force for SRS. 

 

The results contained in Table 4.3 reveal that the observed drag force on the 

sail F(Obs) and calculated drag force F(Cal) varied by a maximum of 1.12%. This 

suggests that Formula (4. 2) is useful in validating the results obtained by using the 

Flow Design wind tunnel. This step was carried out to ensure that the drag 

coefficient derived by Flow Design could be used to calculate the drag force and that 

no significant errors were introduced due to small oscillations displayed in the drag 

plots (as shown for example in Figure 3.6) or due to rounding errors.  

At lower angles of attack from 0° to approximately 30°, skin friction drag 

(sometimes called viscous drag) would be the dominant factor in determining the 

drag coefficient (CD). Skin friction drag is independent of surface roughness in 

laminar flow, but is a strong function of surface roughness in turbulent flow due to the 

boundary layer [56]. At higher angles of attack from approximately 30° to 90°, form 

drag would be the major contributor to CD [158], as form drag is by far the main 

contribution to overall drag for bluff bodies [159]. This is due to form drag being 

based on the projected frontal area [56]. In other words, the sail transitions from 

being a streamline body at AoA of 0° to a bluff body at AoA 90°. Noting the 

aforementioned points it seems reasonable to conclude therefore that if the area of 

the sail was altered, this would result in a change in the amount of form drag. 

4.3.3 Surface pressure 

During each simulation test, the surface pressure contours for both sail 

surfaces were observed (Figure 4.9). As the AoA increased the region of higher 

surface pressure expanded from along the leading edge to across most the sail 

surface when AoA = 90°. As would be expected the surface pressures observed on 

the front of the sail were lower (apart from AoA° = 0) than those observed on the 
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main or rear sail surface. Since it has already been determined that the SRS is most 

effective in terms of CL-CD when the AoA is in the range of 10° to 30°, it is probable 

that the leading edges of the sail would be subjected to higher surface pressures for 

longer periods of time than the centre or front surfaces. 

 

Figure 4.9. Selected surface pressures and pressure contours for SRS. 

4.3.4 Implications regarding installing rigid sails on ships 

Based on the results from this study a number of considerations can be 

identified that would have an impact regarding how rigid sails could be installed on a 

modern powered ship. Firstly, it would be desirable to install sails in positions where 

they are not in the wake of another sail or in locations where the superstructure of 

the ship interfered with the airflow. It would also be desirable to maximise the 

amount of sail area available whenever the wind conditions were favourable. To 

achieve these aims, it is likely that more than one sail would be installed on a large 

ship in three basic patterns or configurations. These configurations are shown in 

Figure 4.10 and described below.  
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Side by side configuration: In this configuration, two sails are installed on the 

port and starboard sides of a ship ideally separated by the maximum distance 

allowed by the breadth of the vessel. Although the rigid sails would be installed on 

either side of the ship, they would not necessarily need to be aligned abreast and 

could be offset. The advantage of this configuration is that both sails could utilise 

winds coming from astern and approximately 30° either side given that airflow was 

not obstructed for example by the wheelhouse, accommodation block or 

superstructure, and so on. Furthermore, by locating the sails near the sides of the 

vessel this may assist in solving the problem of the sails and associated equipment 

interfering with cargo operations or the ability of the ship to carry cargo [81, 160]. 

This configuration may be best suited to smaller tankers and cargo ships of around 

2,500 DWT where the deck space available for installing sails is limited.  The 

disadvantage of this configuration is that there may be significant airflow interface 

between the sails as the apparent wind moves towards the beam, especially when 

the upwind sail was positioned at an AoA of around 30° due to the large wake 

created (Figure 4.5).  

Inline configuration: In this configuration, two or more rigid sails are installed 

along or about a single line from fore to aft. Typically the sails would be located on or 

about the centreline of ship. This is the configuration most commonly used for 

traditional or soft sails. It was also the configuration used for the deployment of 

JAMDA rigid sails. According to a study the overall aerodynamic performance of 

sails mounted on a ship in this type of configuration is decreased on average by 

approximately 18% due to the airflow interference between the sails and the sails 

and hull [10]. It is suggested however in another study that interference between the 

sails could be reduced by adjusting the AoA for some or all sails or by increasing the 

distance between them [161]. Nonetheless, when the apparent wind moves towards 

the stern of the ship the propulsive power provided by the sail configuration will be 

reduced since the total area of sail facing the wind (AD) is reduced. This performance 

characteristic of the inline configuration is a disadvantage when compared to the 

side by side or array configuration. On the other hand, sails mounted inline are 

possibly better suited to making use of apparent winds when coming towards the 

beam of the ship. This however requires further study and as noted earlier is 

dependent on the spacing between the sails.  



Page 102 

Array configuration: Array configuration is defined as a configuration of three 

or more sails that combines elements of both the side by side and inline 

configurations. A simple example of an array would be two sails each mounted on 

both the port and starboard sides. This arrangement of sails might be appropriate for 

bulk carriers, cruise ships and Roll-on/Roll-off (RoRo) ferries. A variation of this 

arrangement could include a fifth sail mounted in the middle of the other four sails 

thereby forming a quincunx pattern. This might be suitable for ships that have large 

uncluttered areas of deck space available such as pure car and truck carrier (PCTC) 

vessels. An array configuration would provide flexibility in terms of installation 

options and operating profiles [81] especially when the AoA of each sail could be set 

individually. The primary disadvantage of this configuration is that it inherits to some 

extent the relative disadvantages of the previous two configurations. An impression 

of an array on a ship is shown in Figure 4.11. 

 

Figure 4.10. Rigid sail installation configurations for powered ships. 
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Figure 4.11. Impression of oil tanker with rigid sail array.  

Source: Eco Marine Power. (Oil Tanker with Rigid Sail Array 2011) [162]. 

4.3.5 Brief analysis of airflow around multiple sails 

A brief analysis of the airflow for each of the sail configurations was performed and 

the air velocity contours are presented in Figure 4.12. The total drag force for sails in 

each configuration is recorded in Table 4.4. For each simulation the wind speed was 

set to 10 m/s. The dimensions of the wind tunnel were as per those automatically 

defined by the software for each simulation with only minor manual adjustments 

made. For the side by side and inline configuration, the AoA was set to 90°. For the 4 

sail array configuration two simulations were run. The first was conducted with the 

AoA of each sail = 90° and the second with the AoA = 30°. This later simulation 

represented a ship on a heading of 060° with the sail position relative to the ship 

unchanged. In each configuration the sails were separated from mast to mast by 40 

m both in terms of length and breath. This spacing was based on the dimensions of 

a typical Capesize bulk carrier with a breadth of 46 m and length of 295 m.  
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Figure 4.12. Airflow around side by side, inline and array SRS configurations (Mid 

plane/Top view). 

 For the side by side configuration, wake interference, was not observed 

though areas of higher velocity airflow were observed between the sails. The total 

drag force for both sails was approximately 16000 N. This was approximately twice 

the force observed for an individual sail. Thus it is reasonable to conclude the 

aerodynamic performance of each sail was not significantly degraded due to mutual 

interference. When two sails were positioned in an inline configuration the flow of air 

onto the downwind sail was reduced due to the wake created by the upwind sail. 

This resulted in the total drag force for both sails being roughly equal to that of one 

sail at the same AoA. For the array configuration a significant difference was 

observed between the two simulations. When the AoA of the sails was set to 90° the 

airflow onto the two sails downwind was effectively blocked by the upwind sails and 

thus the total drag force of the array was approximately equal to that of just two sails. 

However when the 4 sail array model was rotated so that the angle of attack for each 

sail became 30°, the total drag was only slightly lower than the sum of drag for four 

sails. This was since each sail was unaffected by severe wake interference.  

AoA 90° AWA 180° 

AWA 

AoA 90° AWA 180° 

AWA 

AoA 90° AWA 180° 

AWA 

AoA 30° AWA 90° 

AWA 
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Table 4.4. Summary total drag force for selected sail configurations compared to 

drag force for individual sails. 

Configuration 
(Config) 

FD Total 
(Approx.) 

FD for Single 
Sail  (Table 4.2) 

Sum of FD for 
Individual Sails 

Difference 
(Sum vs 
Config) 

% Change 
(Sum vs 
Config) 

2 sails side by 
side 

16000 N 8390 N 16780 N - 780 N - 4.6 % 

2 sails inline 8800 N 8390 N 16780 N - 7980 N - 47.6 % 

4 sail array 17500 N 8390 N 33560 N - 16060 N - 47.9% 

4 sail array 
(AoA 30°) 

8500 N 2289 N 9156 N - 656 N - 7.2 % 

Regarding the analysis and results in this section, it needs to be stated that 

the airflow around multiple objects is complex. Thus the results displayed in Table 

4.4 are only an indication of the extent that airflow interference is present in each 

configuration. For a more precise assessment regarding the extent of airflow 

interference further simulations using a full computational fluid dynamics (CFD) 

software application is required. Also for the case of the 4 sails array at AoA 30°, 

only drag force was recorded and the impact on lift was not possible to quantify due 

to the limitations of the virtual wind tunnel software. Despite these limitations, it is 

suggested that the analysis of sail configurations using the methodology outlined in 

this study is useful in assessing the advantages and disadvantages of the various 

locations sails could be installed. 

4.3.7 Limitations and other observations 

The virtual wind tunnel software used for the simulations in the current study was not 

a full CFD application. Meshing was automatically set and it was not possible to 

define the boundary conditions apart from setting the velocity of air flowing into the 

tunnel. Furthermore it was not possible to refine the mesh to capture the boundary 

layers close to the sail surface. Some oscillations were also observed in the air 

velocity and air pressure plots particularly at AoA = 10°. 

4.4 Conclusions  

The most suitable angles of attack for the SRS in this study were determined 

to be approximately in the range of 10° to 30°.  Beyond an AoA of approximately 30°, 
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the wake created by the sail becomes significant and may interfere with the airflow of 

any other sails positioned downwind. In addition, the lift produced by this type of sail 

falls rapidly at around this point. Since a modern rigid sail is likely to be positioned 

based on input from a computer control system, this system should aim to position a 

SRS or similar sail at an AoA between approximately 10° to 30° whenever possible. 

The computer control system should also avoid positioning the sail at higher angles 

of attack except when winds are coming from the directions near the stern of the ship. 

When multiple sails are installed it would be advantageous to space the sails as far 

as apart as practical. An array of sails mounted on the port and starboard sides in 

some cases might also be preferable to mounting sails along the centre of the ship.  

During operation it may also be advantageous to position some sails at an AoA at 

the lower end of the 10° to 30° range upwind to minimise airflow interference for 

other sails located downwind. Alternatively, it may be possible to use different sail 

types or shapes as means to reduce airflow interference amongst sails.  

Further investigation is needed in terms of modelling the performance of sails 

and groups of sails on existing ship types using CFD. In addition, a study to 

determine how sail and ship designs can be modified to maximise potential fuel and 

emission savings would also yield interesting insights.  

Chapter epilogue 

This chapter focused on the initial CFD analysis of a segment rigid sail 

using the virtual wind tunnel with particular focus on airflow around the 

sail and airflow around a simple array of 4 sails. In addition the topic of 

airflow interaction between sails was introduced and this is expanded 

upon in Chapter 6. Sail surface pressures were also observed as this 

data would be required for a sail design project. In the next chapter a full 

CFD application is used to study the performance characteristics of the 

segment rigid sail in more detail. 
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Chapter 5: Analysis of Lift, Drag and CX Polar Graph for a 3D Segment 

Rigid Sail using CFD Analysis. 
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Abstract 

To determine the potential power that could be harnessed by a rigid sail, 

its specific lift and drag characteristics must be known. For this purpose, 

a segment rigid sail was studied utilising computational fluid dynamics 

(CFD) analysis. This analysis enabled lift and drag force tables to be 

produced and a CX (thrust coefficient) polar graph for the sail to be 

derived. Observation of velocity magnitude and static pressure contours 

was also undertaken and the aerodynamic characteristics of the sail 

including airflow separation and wake studied. The work in this chapter 

expands upon the analysis in Chapter 4 and also utilizes a full CFD 

application as opposed to the use of a virtual wind tunnel only. 
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5.1 Introduction 

The reduction in fuel consumption that could be achieved through the use of a 

rigid sail is related to its lift and drag coefficients since lift and drag forces acting 

upon the sail, can both provide propulsive force in the direction of the ships 

movement. In this study a virtual wind tunnel was created using a computation fluid 

dynamics (CFD) software application and airflow onto, over and around a rigid sail 

was simulated and analysed. This was achieved via a series of simulations 

conducted with a rigid sail positioned at various angles of attack (AoA) between 0° to 

90° and the lift and drag coefficients for the sail determined. Associated charts, 

graphs and plots were created similar to those used to analyse the performance of 

airfoils and some terms and concepts related to those studies [16, 163] were applied 

in this chapter. 

5.2  Methodology 

5.2.1 3D model and virtual wind tunnel configuration 

A segment rigid sail (SRS) 3D model (Figure 5.1, Table 5.1) was created using a 

CAD application. This model was used for all simulations. A sail area of 10 m2 was 

selected to represent a relatively small sized SRS that could be installed on a coastal 

cargo ship or tanker either individually or as part of an array of multiple sails. The 

results contained this study however could also be applied to calculations for a larger 

sail of the same design and dimensions. 



Page 109 

 

Figure 5.1. SRS 3D model used for CFD simulations in virtual wind tunnel. 

Table 5.1. Main dimensions of segment rigid sail 3D model. 

Sail height (SH) 4 m Sail area (A) 10 m2 

Chord (C) 2.5 m Front sail area (AF) 10.4 m2 

Aspect Ratio (AR) 1.6 Maximum Thickness 0.314 m 

 

The Reynolds number (Re) for the SRS can also be calculated using the 

following equation: 

      Re = vL/u   (5.1) 

where  is the density of fluid (1.2 kg/m3 for air at sea level at 20°C), v is the flow 

velocity (m/s), L = characteristic linear dimension (m) = 2.5m (Table 1) and u is the 

dynamic viscosity of the fluid (Pa) = 1.817 x 105 Pa (Table 3). For the SRS in this 

study Re = 1.65 x 106. 

The SRS model was uploaded into Autodesk® CFD 2016 [46] and the sail 

material set to aluminium. The SRS model was then subsequently positioned inside 

a virtual wind tunnel that was set-up as shown in Figure 5.2 with the dimensions of 
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this tunnel outlined in Table 5.2. The direction of airflow for simulations was from the 

virtual wind tunnel entrance to the exit and in all figures in this chapter the entrance 

is located on the left hand side. 

Figure 5.2. Position of 3D segment rigid sail model inside virtual wind tunnel. 

Table 5.2. Dimensions of the virtual wind tunnel used during main CFD simulations. 

Dimension AoA 0° to 40° AoA 50 to 90° 

Tunnel Length – Axis X 70 m 70 m 

Tunnel Width – Axis Y 12.5 m 18 m 

Tunnel Height – Axis Z 18 m 18 m 

The angle of attack (AoA) is defined as the angle between the chord line and 

the direction of the airflow onto the sail. This relationship is shown in Figure 5.14.  

For most of the simulations, the sail model was located 2 m above the bottom 

surface of the tunnel to represent being mounted onto a mast with the height of the 

mast designated as MH. The sail was also set back two chord lengths from the wind 

tunnel entrance. This ensured there was sufficient mesh in the region upwind of the 

sail during simulations. The width of the wind tunnel was adjusted after the AoA 

reached 40° so that extra space was created around the sail. 

At the entrance (or inlet) the boundary condition was set to an air velocity of 

10 m/s for most simulations and at the exit (or outlet) the boundary condition was set 

to 0 Pa. An air velocity of 10 m/s represents the mid value of wind speeds outlined in 



Page 111 

MEPC 62/INF.32 [83] and is equivalent to level 5 on the Beaufort (BFT) wind scale 

[164]. This guideline outlines a global wind probability methodology that can be used 

to calculate the propulsive power from wind propulsion technologies. The air velocity 

at the inlet is the apparent wind or airflow acting upon the sail. During the study the 

direction of airflow was not changed and the sail was rotated around the Z axis in 

order to change the AoA. To alter the MH the sail model was raised or lowered along 

the Z axis. The turbulence model selected for the simulations was SST-k omega.  

The SST k-omega turbulence model is a two-equation eddy-viscosity 

model that is used for many aerodynamic applications. It is a hybrid model 

combining the Wilcox k-omega and the k-epsilon models. A blending 

function, F1, activates the Wilcox model near the wall and the k-epsilon 

model in the free stream. This ensures that the appropriate model is 

utilized throughout the flow field [62]. 

The two equations used in the SST k-omega turbulence model are the 

turbulent kinetic energy (TKE) equation and the turbulent energy dissipation (TED) 

equation. This turbulence model was selected as it was recommended for use with 

airfoils [57] and it was found during simulations to be stable. 

With the sail positioned inside the tunnel as per Figure 5.2 the main forces 

acting upon it are as follows: 

 Drag – X axis (red). Where a positive figure (N) represents a force that is 

effectively pushing the sail towards the exit or outlet of the tunnel.  

 Lift – Y axis (green). Where a positive figure (N) represents a force pushing 

the sail to the rear wall of the tunnel and a negative figure represents the sail 

being pulled towards the front wall of the tunnel. 

Only positive AoA were included in the simulations since a rigid sail of the 

type used in the current study would normally be deployed with the flat or rear 

surface facing the direction of the apparent wind. For clarification purposes when the 

SRS is positioned with the rear surface facing perpendicular to the direction of the air 

the angle of attack (AoA) is 90°. Conversely, if the front curved surface of the sail 

was facing the direction of airflow then the AoA would be -90°. Simulations were run 
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in 10° increments between AoA 0° and 90° with one series of simulations conducted 

at AoA 35°.  

A summary of the material, environment and the boundary settings are shown 

in Table 5.3. These settings were used for most simulations with only the air velocity 

at the tunnel inlet being altered. 

Table 5.3. Material, environment and boundary settings for main CFD analysis of 3D 

SRS model. 

Sail Material Aluminium Air temperature 20°C 

CFD Created Volume Air Dynamic viscosity (Air) 1.817e-05 Pa-s 

Turbulence Model SST k-omega Convergence Control Auto/tight 

Boundary Conditions 

Entrance/inlet Velocity 10 m/s Exit/outlet Pressure(0 Pa Gage) 

Top/Sides Slip/Symmetry Bottom No-slip wall 

5.2.2 Meshing and Convergence 

Automatic mesh sizing was used to generate the initial mesh on and around the 3D 

SRS model. This process determines the mesh size and distribution on edges, 

surfaces and volumes. Enhanced meshing was also used to modify the mesh. A 

finer mesh known as a refinement region (Figure 5.3) was established around the 

sail model and downwind to capture the wake created by the sail. Surface mesh 

refinement was applied to the leading and trailing edges in order to better capture 

the airflow and surface pressures on and around these areas. The number of 

elements in the mesh varied from approximately 500k at the lower AoA’s to 

approximately 1000k at AoA 80° and 90°. The number of solid elements (SE’s) 

varied within a range of 3070 to 3600. 

The enhanced mesh settings are listed in Table 5.4. These settings were 

based on those suggested for the CFD analysis of an NACA 0012 aerofoil [57]. An 

example of the meshing around the SRS model and the associated refinement 

region is shown in Figure 5.3.  
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Table 5.4. Automatic and mesh enhancement settings for CFD simulations of SRS 

model. 

Automatic Mesh Settings  

Surface refinement 1 
Gap refinement 0 
Resolution factor 1.0 
Edge growth rate 1.1 
Minimum points on edge 2 
Points on longest edge 10 
Surface limiting aspect ratio 20 
Surface growth rate 1.2 
Enhancement growth rate 1.1 

 
 

Mesh Enhancement Settings  

Number of layers 15 
Layer factor 0.84 
Layer gradation 1.25 

 

The Y+ Adaption option was also selected as this enabled the mesher to 

evaluate the Y+ value throughout the model and reduce the boundary element 

thickness if required. A maximum value of 300 for Y+ was set by default. 

 

Figure 5.3. Mesh refinement region showing tighter mesh around sail (Top view). 

Simulations were conducted using the auto convergence function. This 

function determines when the solution stops changing and then initiates an auto-stop 

to halt further iterations being run. In some cases a high number of iterations were 

required before convergence was achieved. For example at AoA = 90° the 
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simulation did not reach convergence until after 3,590 iterations whereas at AoA = 0° 

only 519 iterations were required. An example of a convergence plot for a simulation 

that reached auto-convergence is shown in Figure 5.4. To determine mesh 

independence the mesh was tightened until results varied by less than +/- 5 %. Thus 

the results outlined in this chapter are considered to be accurate within this margin of 

error. A mesh independence study was also conducted in accordance with ITTC 

guidelines as discussed in Chapter 1. The major challenge in setting the mesh was 

to develop settings that would provide reliable results from AoA 0° to AoA 90°. In 

total 16 variations of mesh settings were evaluated before proceeding with those 

outlined in this chapter. 

 

Figure 5.4. Convergence plot for a completed CFD simulation for SRS 3D model. 

5.3 Results and analysis 

 

5.3.1 Lift and drag 

For each converged simulation an output data file was generated by the CFD 

application. For the purposes of this chapter the outputs TOTAL FX (FX) and TOTAL 

FY (FY) from these files were used as the basis to calculate lift and drag. For lift and 

drag calculations the following expressions were used: 

CL =
FL

1

2
 pv2A

,     (5.2) 

CD =
𝐹𝐷

1

2
 pv2𝐴

,     (5.3) 
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where CL is the lift coefficient, CD is the drag coefficient; ρ is the density of fluid (1.2 

kg/m3 for air at sea level at 20°C), v is the flow velocity (m/s) and A is the 

characteristic area of the body (m2). 

Table 5.5 lists the data obtained via the simulations along with the calculated 

coefficient for lift and drag for angle of attacks from 0° to 90° in 10° increments.  

Based on this table a CL - CD plot was also prepared (Figure 5.5). 

Table 5.5. FX, FY, CD and CL for angles of attack 0° - 90° for segment rigid sail. 

AoA FX (N) FY (N) CD CL 

0° 35 183 0.06 0.31 

10° 95 429 0.16 0.71 

20° 204 629 0.34 1.05 

30° 389 802 0.65 1.34 

40° 580 787 0.97 1.31 

50° 633 553 1.05 0.92 

60° 733 444 1.22 0.74 

70° 775 297 1.29 0.50 

80° 824 155 1.37 0.26 

90° 828 - 2 1.38 0.00 

 

 

Figure 5.5. CL – CD plot for segment rigid sail for AoA 0° to 90°. 
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As expected drag was at a minimum at AoA = 0° at which point CD  or  CD(Min) 

= 0.06.  Maximum drag was observed at AoA = 90° and thus CD(Max) = 1.38. Since 

drag at AoA = 80° was within 1% of that observed at AoA = 90° it can be concluded 

that for practical purposes the drag force at both these sail positions are equal.  

Regarding lift this is at a minimum at AoA = 90° however before the maximum lift can 

be determined the critical angle of attack must be found. This will be discussed later. 

For an aerofoil or wing, drag is often referred to as the enemy of flight [56], 

however in regards to a rigid sail the situation is different. This is because for a rigid 

sail both lift and drag can provide propulsive force in the direction the ship is moving.  

For the SRS in this study it was observed that as the AoA was increased from 0° that 

lift and drag both increased at a similar rate, although initially the lift created by the 

sail was greater than drag. By AoA = 50° it was observed that drag was greater than 

lift. From that point onwards the sail would provide propulsive force mainly due to 

drag. In Figure 5.6 the relationship between the lift and drag coefficient and angle of 

attack are shown.  

Figure 5.6. CL and CD curves versus angle of attack for a SRS. 

At an AoA just below 50° the lift and drag coefficient are equal and thus the lift 

and drag forces produced by the sail are also equal. At this point the lift to drag (L/D) 

ratio = 1. This is ratio is determined as follows: 
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      L/D ratio = 
CL

CD
,   (5.4) 

where CL is the  lift coefficient and CD is the drag coefficient. 

In Figure 5.7 the L/D ratio at each AoA is shown.  At AoA = 0° the L/D ratio = 

5.19 and at 90° = 0. For a rigid sail, this ratio may be useful when comparing sails of 

differing dimensions or shapes. For reference purposes the drag coefficient for the 

SRS at AoA = 0° and 90° is compared with the drag coefficient for other similar 

objects in Table 5.6. 

 

Figure 5.7. CL/CD curve for segment rigid sail for angle of attack 0° to 90°. 

Table 5.6. Drag coefficient for SRS (Figure 5.1), rigid sail & soft sail [165] and 3D 

rectangular flat plate [56] at AoA = 0° and AoA = 90°. 

Object Re CD at AoA = 0° CD at AoA = 90° 

Segment rigid sail (SRS) 1.65 x 106 0.06 1.38 

Rigid sail (RS) 2 x 105 < 0.25 (Approx.) 1.55 (Approx.) 

Soft sail (SS) 2 x 105 < 0.25 (Approx.) 1.6 (Approx.) 

3D rectangular flat plate Re > 10,000 - 1.1 – 1.3 
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5.3.2 Critical angle of attack and optimum angle 

As the angle of attack is increased from 0° the sail will produce more lift until at a 

certain point the maximum amount of lift is produced after which the boundary layer 

becomes separated from the sail surface. This point is defined as the critical angle or 

critical angle of attack. In aeronautical terms it is also referred to as the stall angle of 

attack or stall angle. The separation of the boundary layer causes aircraft wings to 

abruptly lose lift at high angles of attack and this condition is known as wing stall 

[166]. As with an airfoil, the drag created by the sail continues to increase when 

operated past the critical angle until reaching a maximum at AoA = 90° (Table 5.5). 

From Table 5.5, it can be ascertained that the angle of attack at which the 

maximum lift is produced is somewhere between 30° and 40°. Therefore to 

determine more accurately at which AoA the maximum lift is produced another series 

of simulations were conducted at AoA = 35°. With the sail in this position the values 

for FX and FY along with the calculated values for CD and CL were recorded and are 

listed in Table 5.7. 

Table 5.7. FX, FY, CD and CL for segment rigid sail at AoA = 35°. 

AoA FX FY CD CL 

35° 489 834 0.81 1.39 

 

Based on the data in Table 5.7, it can be concluded that for the SRS in this 

study CL (Max) = 1.39 and that the critical angle of attack is approximately 35°. For a 

similar square rigid sail evaluated in a previous study [30] CL (Max) was approximately 

1.7.  This difference can be explained by the sail in the previous study having an 

aspect ratio (AR) of 2.0 compared to the SRS (Figure 1, Table 1) having an AR of 

1.6 since it has been observed that CL increases as AR is increased [118]. For 

comparative purposes the critical angle of attack for a typical NACA 0012 airfoil is 

approximately 15° with CL (Max)  ranging from approximately 1.0 to 1.5 [15, 16]. 

Increasing the AR of a sail to a certain point will increase lift and thus CL (Max).  

However as discussed in A Prospect of Sail-Assisted Fishing Boats [118], a sail with 

a higher AR also raises the centre of gravity for a ship and therefore an optimum AR 

ratio of 1.0 or 1.5 is suggested.  
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For an airfoil the optimum angle of optimum angle of attack (optimum angle) is 

defined as the angle at which it produces the maximum lift or CL (Max). Therefore for 

the purpose of this study the optimum angle of attack (AoA) for the segment rigid sail 

= 35°.  

5.3.3 Static pressure and velocity magnitude 

At each AoA the static pressure and velocity magnitude contours for the sail were 

plotted. A selection of these plots and images are included and discussed in this 

section. Unless otherwise noted, all views are from a cross-section plane located at 

the sail height mid-point (Mid plane). 

Figure 5.8. Contours of static pressure and velocity magnitude for SRS at AoA = 0° 

(Mid plane/Top view). 

At AoA = 0° (Figure 5.8) an area of lower pressure was observed above the 

front curved surface of the sail. This indicates that some lift was being produced and 

this is confirmed by the data in Table 5.5. This differs from a NACA 0012 airfoil as 

these typically produce no lift at an AoA of 0° [33, 167] since the air pressure on 
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either side of the airfoil is the same [168]. In accordance with Bernoulli's principle, it 

was observed that the air velocity was higher in the regions were air pressure was 

lower. A small region of higher pressure was also observed near the leading edge 

due to form drag. Form drag could possibly be reduced by altering or streaming the 

shape of the sail or sail edges. 

 

Figure 5.9. Contours of velocity magnitude for SRS at AoA = 10° (Mid plane/Top 

view). 

In Figure 5.9, the SRS is shown at an AoA of 10°. At this angle of attack, air 

velocity over the front of the sail was observed to be approximately 2 m/s higher than 

over the rear surface. At this AoA no significant wake was present nor was there any 

separation in the airflow over the front or rear surfaces of the sail.  
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Figure 5.10. Contours of velocity magnitude and static pressure for SRS at AoA = 

35° (Mid plane/Top view). 

At the critical angle of attack (Figure 5.10) airflow was separated from most of 

the front surface of the sail and a distinct region of lower pressure and unsteady 

airflow was also observable downwind. The point at which the separation of airflow 

occurs is known as the separation point and this is identifiable as a small region of 

very low air pressure near the leading edge of the sail. As the AoA was increased 

this separation point moved further towards the leading edge and the airflow behind 

the sail became more unsteady.  
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Figure 5.11. Contours of velocity magnitude for SRS at AoA = 50° (Mid plane/Top 

view). 

At AoA = 50° (Figure 5.11) an enlarged region of airflow separation over the 

front surface of the sail was observed. This is similar to airflow separation observed 

with airfoils or wings at high AoA [169]. The increase in AoA also led to an increase 

in the area and length of the wake behind the sail. 

 

Figure 5.12. Contours of velocity magnitude plot for SRS at AoA = 90° and air 

velocity = 10 m/s with main wake and wake regions identified (Mid Plane/Side view). 

The wake at AoA 80° and 90° extended behind the sail for a distance several 

times the sail height. In Figure 5.12 a side view of the sail is shown at AoA = 90° and 

in this position the main wake extended for approximately 12 m or three times the 

sail height. In this chapter main wake is used to describe the region of recirculation 

and lower air velocity directly behind the sail whereas the term wake refers to the 

more extensive region of decelerated air behind the sail. These wake regions are 

highlighted in Figure 5.12.  At AoA 80° and 90° the sail would essentially be a drag 
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only device with CD(Max) = CX(Max). At these and other post-stall angles of attack the 

large wake created by the sail would reduce the velocity of airflow onto other sails 

located downwind.  

A simulation to observe the sail wake was also conducted at AoA = 90° with 

the air velocity at the inlet reduced to 5 m/s. An isosurface plot was created to 

highlight where airflow was 3 m/s or less (Figure 5.13). An isosurface (or iso surface) 

is a surface where all points are of equal value and is a means by which airflow 

around the sail can be studied more closely. In the lower part of Figure 5.13 two 

velocity scale legends are shown with the upper scale being for the overall airflow 

around the sail and the lower scale based on the air velocity setting used to create 

the isosurface plot. As would be expected the decrease in air velocity resulted in the 

decreased length of the main wake and this extended behind the sail for 

approximately 8 m.   

As the apparent wind speed varied, the appearance of the sail wake altered 

with a higher wind speed resulting in a more pronounced wake as shown in Figure 

5.12. Therefore although it may be advantageous to maximise the amount of sail 

area for any single sail, this may be counterproductive as the upwind sails may 

effectively block or interfere with airflow onto the sails located downwind. It has been 

estimated for example that the average aerodynamic performance of multiple sails 

on a ship is reduced by 18% due to interaction effects [10]. This is discussed further 

in Chapter 6 and highlighted as a topic for further research in Chapter 8. As the AoA 

was increased it was also observed that the number of iterations required before 

automatic convergence was achieved gradually increased. At AoA 0° for example 

automatic convergence was reached after 591 iterations whereas at AoA 90° 1611 

iterations were required.  
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Figure 5.13. Contours of velocity magnitude (top view) and ISO Vx velocity plot at 2 

m/s (Mid plane/Side view) for SRS. 

The analysis in this section is aimed at setting the aerodynamic performance 

baseline for the sail and sail array, with discussion about the practical application of 

this type of rigid sail discussed in Chapters 6 - 8. In addition vortex shedding is not 

discussed since this would not be a critical point for a sail operating in a low velocity 

environment with surface pressures being more of a concern due to the resultant 

load these would create on the sail, sail mast and associated equipment. 

5.3.4 CX polar graph and side force 

CX is the coefficient of thrust or propulsive force in the direction of ships movement 

and its relationship to CD, CL and CY is shown in Figure 5.14. 
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Figure 5.14. Relationship of thrust, lift, drag and yaw related to a rigid sail on a ship. 

The CX is calculated using the expression: 

CX = CL sinβ - CD cosβ,  (5.5) 

Side force can be calculated using: 

CY = CL cosβ + CD sinβ,  (5.6) 

  

where CX is the thrust coefficient, CY is the side force coefficient, CL is the lift 

coefficient, CD is the drag coefficient and β is the apparent wind angle.   
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Figure 5.15. CX polar graph for 4 m x 2.5 m segment rigid sail with aspect ratio of 1.6. 

Using Formula 5.5 and data from Table 5.5, a CX polar graph for the SRS was 

created (Figure 5.15) based on the methodology outlined in Chapter 3. This polar 

graph displays the maximum value of CX when the SRS is set at the optimum AoA 

and assumes that the SRS can be rotated around the Z axis. It can be determined 

from Figure 5.15 that headwinds (i.e. winds from between 330° and 30°) would result 

in no propulsive force in the direction of ships movement being provided by the SRS 

since CX in this region is approximately 0. Outside this region, the SRS would 

provide propulsive force with the maximum coefficient of thrust or CX(MAX) = 1.63.  

CX(MAX) is achieved when the apparent wind direction is either 130° or 230° and the 

AoA = 40°. When the apparent wind direction is from astern of the ship then the sail 

would be set at either AoA 80° or 90° and CX = CD(Max)  = 1.38.   

In this chapter, side force (FS) is not considered in detail although it would be 

an important consideration when determining the AoA that would be most suitable 

based on factors apart from maximum propulsive force. For example if the sail was 

set at a position that created a significant side force then the ship’s rudder may need 

to be used to compensate for this. This could in turn increase hydrodynamic drag 

AWA 0° - 360° 
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and lead to an increase in fuel consumption [37]. Side force may also impact the 

stability of the ship depending on the dimensions, weight, height and locations of the 

sail(s) and the type of ship [170]. For the SRS in this study CY at CX(Max) = 0.1 

however if the apparent wind was coming from  90° or 090 (I.e. blowing across the 

ship) and the SRS AoA = 90° then CY =  CD(Max) = 1.38 (Formula 5.6).  This is the 

maximum side force coefficient CY(Max) for the SRS in this study. Since FS is equal to 

FD  in this example the maximum side for the SRS is 828 N when v = 10 m/s.   

CX can also be used to calculate the force in direction of ships movement and 

from this the propulsive power provided by the sail determined. A methodology for 

calculating these is outlined in Chapter 3.  

5.3.5 Brief analysis of sail elevated at 6 m 

To determine what effect if any, raising the sail higher would have on lift and drag 

some additional simulations were conducted with the mast height (MH) set to 6 m at 

AoA = 30° and AoA = 90°. The results of these additional simulations are included in 

Table 5.8 along with the results obtained when MH = 2 m. The material, environment 

and boundary settings were unchanged from those outlined in Table 5.3 and the sail 

aspect ratio was unaltered. 

Table 5.8. FX, FY, CD and CL for angle of attack 30°and 90° for segment rigid sail at 

mast heights of 2 m and 6 m. 

AoA MH (m) FX (N) FY (N) CD CL 

30° 2 389 802 0.65 1.34 

30° 6 376 782 0.63 1.30 

90° 2 828 - 2 1.38 0.00 

90° 6 804 - 2 1.34 0.00 

 

Lift and drag forces varied between approximately 2.5% to 3.3% with lower 

values being observed when the sail was set at 6 m. The exception being that there 

was no observable change for lift at AoA 90° as would be expected.  Although these 

variations were within the +/-5% margin of error discussed earlier, the interaction 

between the sail and deck warrants further investigation. This would be of particular 

interest in cases where the deck was not a flat surface due to the existence of hatch 
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covers or other equipment as these may interfere with the airflow onto a sail or sails. 

In other words these fittings could impact the roughness factor of the ship’s deck and 

alter the characteristics of the boundary layer and airflow over the deck. Thus it may 

be desirable to raise the sail height so the sails are above the turbulent boundary 

layer created by the deck and fittings as this has been observed by using smoke 

visualizations to affect the driving force from each sail [10]. This topic is to be 

investigated further as part of the Aquarius Eco Ship project as discussed in Chapter 

8. 

5.4 Conclusions  

Using CFD analysis the lift and drag characteristics of a SRS were analysed. It was 

determined that the critical angle of attack for this type of rigid sail was approximately 

35° and at this point CL(MAX) was 1.39. After this point drag increases and lift 

decreases. Maximum drag force was observed at AoA = 90° where CD(MAX) was 1.38.  

Thus this type of sail is capable of creating an almost equal amount of lift or drag 

force depending on the direction of the apparent wind. A CX polar chart was 

produced using lift and drag data obtained via CFD simulations and CX(MAX) was 

determined to be 1.63. It was observed that the wake created by the sail became 

significant at an AoA larger than the critical angle with the wake being the most 

pronounced at AoA = 90° and extending behind the sail for approximately 12 m 

when air velocity = 10 m/s. No significant change in lift or drag was observed when 

the sail was raised from 2 to 6 m above the bottom surface of the wind tunnel.  

Some topics that warrant further investigation and/or research include: 

 The interaction between the sail and deck of a ship especially in cases when 

the deck is uneven or there is equipment on the deck.  

 The airflow around the sail mast or supporting mechanism. 

 Optimisation of the sail shape in terms of minimising drag at AoA 0° and 

maximising drag at AoA 90°. 

 Comparison of the performance of a SRS with other rigid sail types including 

wing sails and hybrid sails. 
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 Investigation into the wake created by a SRS at various AoA and air velocities. 

 The performance of multiple SRSs including how sails upwind impact the 

performance of sails downwind. 

 

Chapter epilogue 

The analysis undertaken for this chapter expanded upon the work in 

Chapters 3 & 4. In particular the results from the CFD analysis of a 

segment rigid sail using a full CFD application (Autodesk CFD) are 

discussed and the aerodynamic characteristics of the sail in terms of lift, 

drag and the critical angle of attack are determined. It also provides the 

analytical framework for the study of the sail array in Chapter 6. 
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Chapter 6: Study of Airflow around Ship with Rigid Sail Array and 

Potential Array Propulsive Power. 
 

This chapter has been published in the International Journal of Marine Engineering. 

The citation for the research article is: 

G. M. Atkinson (2019): Study or airflow around ship with rigid sail array and potential 

array propulsive power. International Journal of Marine Engineering, DOI No: 

10.3940/rina.ijme.2019.a2.520 

This article has been re-formatted and edited for inclusion into this thesis. 

 

Abstract 

An array of rigid sails installed on a large powered ship could provide a 

viable means to reduce fuel oil consumption and emissions by using the 

power of the wind as a source of supplementary propulsion. This chapter 

describes the study of airflow around a concept ship design fitted with 14 

segment rigid sails using a virtual wind tunnel software application and 

also investigates the propulsive force that a fixed sail array could provide 

using computational fluid dynamics analysis. This chapter therefore 

moves the focus of analysis from being a single rigid sail to an array of 

rigid sails. The baseline for determining the potential power the sail array 

is also established and this is used as an input in Chapter 7 for the fuel 

oil consumption reduction case studies. 

 

 

 

 

 

 



Page 152 

Chapter epilogue 

In this chapter CFD analysis of a 14 rigid sail array was conducted for 

both a stand-alone arrangement (i.e. not mounted on a ship) and also 

when fitted to a future eco bulk carrier design concept (Eco Ship). Unlike 

sail-only focused experiments, this enabled the performance of the sail 

array itself and the sail array on a ship to be observed. The airflow 

interaction between the sails in the array and between the sail array and 

the ship, was also studied. Additionally a brief study related to side 

forces acting open the Eco Ship and base ship was conducted. The sail 

array performance data contained in this chapter was used as the basis 

for calculating the estimated fuel consumption reductions outlined in the 

case studies contained in Chapter 7. 
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Chapter 7: Estimated Fuel Oil Consumption Savings for Eco Ship Fitted 

with Rigid Sail Array. 
 

This chapter has not been submitted for publication to avoid replicating work 

contained in Chapters 2 - 6. However a re-worked version may be submitted for 

publication in a journal or submitted as a conference paper at a later date. This 

chapter brings together the work laid out in Chapters 2 - 6 and combines this with 

data from a variety of sources to facilitate the modelling of a number of fuel 

consumption reduction scenarios.  

 

Abstract 

This chapter analyses the potential reduction in fuel oil consumption that 

could be achieved on a large bulk cargo ship (or bulk carrier) fitted with 

an SRS array for several routes and voyage profiles. These routes and 

voyage profiles have been derived from a review of a fleet of ships 

monitored online for approximately 3 years. A review of wind conditions 

in the vicinity of these ships and along shipping routes in general was 

also undertaken. 

 

 

 

 

 

 

 

 

 



Page 154 

7.1 Introduction 

Studies regarding the estimated potential power and/or fuel savings that could be 

provided by rigid sails on powered ships have been conducted for a range of sail 

types. These estimates and sail types include a large retractable wing sail [11], wing 

sail [133], a variable camber sail (VCS) [31, 161] and rotor sail or Flettner rotor [176]. 

The use of sails on fishing vessels has also been studied [118, 177, 178] however 

this literature is related to relatively small coastal vessels. In the 1980’s several 

Japanese ships including the Shin Aitoku Maru were fitted with the foldable JAMDA 

rigid sails although in most known cases just two sails were fitted to these ships 

[179]. Reported fuel savings for two vessels that used the JAMDA sails ranged from 

10% to over 30% (Table 2.1). Literature regarding the propulsive power that might be 

provided by multiple sails includes studies related to the use of flat plate sails on a 

pure car carrier [180] and the use of America’s Cup inspired wing sails on a bulker 

[133]. Traditional soft sails as used on clippers and sloops [181] could also be 

possibly modified for use on large powered ships but these are not the focus of this 

thesis, nor are kite sails and Flettner rotor sails. Self-trimming wing-sails as used for 

relatively small autonomous surface vessels [182] are also excluded, although the 

possible use of these types of sails on large ships could be a topic for further study. 

Although the literature cited above provide valuable insights into sail 

performance on powered ships they do not consider the performance of multiple rigid 

sails arranged as an array during typical operation conditions. In this chapter the 

methodology for estimating the propulsive power that could be potentially provided 

by a segment rigid sail (SRS) array and the resultant fuel oil consumption reduction 

(FOCR) are discussed. This methodology also takes into account limiting factors not 

considered in other studies namely variable weather conditions, side forces and 

operability. 

7.2 FOCR estimate methodology for ship fitted with sail array 

An overview of the process used to estimate the FOCR for the Eco Ship is 

outlined in Figure 7.1. The numbers indicated in Figure 7.1 correlate to sub-headings 

7.2.1 to 7.2.6. 
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Figure 7.1. Process for estimating the fuel oil consumption reduction for a ship fitted 

with a sail array. 

7.2.1 Performance analysis of sail array 

The performance analysis of the SRS array for the Eco Ship in this study is 

described in Chapter 6 and the results from this analysis form the basis for the sail 

array profile discussed in section 7.2.5.  

7.2.2 Ship details  

The Eco Ship and arrangement of rigid sails applied during the analysis in this 

chapter are outlined in Chapter 6 with the main specifications and dimensions 

displayed in Table 6.2. The Eco Ship is a variation of a typical PPMAX bulker that 

has been altered to best utilize a SRS array with the most notable variation being the 

accommodation block and wheelhouse located near the bow of the vessel. A 

summary of the ships main dimensions and specification are listed in Table 7.1. The 

SRS array is a side-by-side configuration with each pair of sails located near a hatch 

cover as this would allow space for them to be stored or stowed. In addition, 

electrical power would also be available near these locations to power the 

mechanism required to raise/lower and rotate the sail. 

Each SRS on this ship can be lowered when headwinds are present, during storms, 

when the ship is entering or leaving port, or when cargo is being loaded or unloaded. 

An example this type of sail is the EnergySail® [105] that can be lowered and 
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positioned at the desired AoA automatically by a computer control system. Two 

prototypes of this sail device are currently being evaluated in Japan. Another 

example of a rigid sail that can be lowered has been developed by Mitsui O.S.K 

Lines Ltd. (MOL). This has a sail area of 200 m2 and the prototype reportedly weighs 

approximately 60 tons [142]. MOL has also announced plans to build a ship using a 

telescopic hard wing sail in 2022 [183]. 

Table 7.1. Summary of Eco Ship specifications. 

Ship Type Eco Ship (Bulker)  

SRS Array 14 sails  

Length (LOA) 240 m 

Breadth  45 m 

Draft 18 m 

Deadweight (DWT) 102,000 t 

 

7.2.3 Voyage profiles 

Bulk cargo ships operate on a wide variety of routes and these each have their own 

operational profile in terms of how long the ships are at sea, the speeds the ships 

sail or operate at, the distances between ports and the time spent in port or at 

anchor. These profiles can vary considerably and so it is difficult to define a typical or 

generic operational profile for these vessels. Consequently voyage data and 

timelines for more than a dozen bulk cargo ships was examined over a period of 

approximately 3 years in order to develop a number of voyage profiles. The data 

used to develop the voyage profiles was obtained via an online vessel tracking 

website [40] and was also provided by three major shipping companies namely Star 

Bulk [184],  Masterbulk [185] and CSL [186]. Examples of voyage timelines for MV 

Panamana and MV Star Laura are shown in Figure 7.2 and an extract of the vessel 

itinerary for MV Leviathan is shown in Table 7.2. A complete voyage itinerary is 

included in Appendix IV.  

The profiles outlined in this chapter cover a range of possible voyages but are 

not intended to replicate exactly the voyage of any one ship. Their structure however 

could be adjusted to incorporate the specific itinerary of a ship, especially in cases 
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where the ship operated on the same route over an extended period of time. 

Examples of these regular sailed routes include those served by bulkers between the 

iron ore and coal ports in Australia and ports in Asia as they often involve ships 

operating on the same or very similar routes for most of the year. 

 

Figure 7.2. Vessel timelines for MV Panamana and MV Star Laura. 

Source: MarineTraffic.com. 

Table 7.2. Extract of vessel itinerary for MV Leviathan. 

Time (UTC) Area Port Speed Course Latitude Longitude 

5/07/2017 15:44  TIANJIN     

5/07/2017 12:07 Yellow Sea 13.1 278 38.81716 118.662 

5/07/2017 2:55 Yellow Sea 14.1 289 38.5125 121.127 

4/07/2017 16:01 Yellow Sea 13.1 351 37.10268 123.3546 

4/07/2017 14:20 Yellow Sea 12.8 350 36.74191 123.4268 

2/07/2017 22:56 East China Sea 13 5 28.58625 123.7672 

2/07/2017 4:02 East China Sea 14.9 13 24.56692 122.6995 

1/07/2017 16:02 South China 14 38 22.2216 121.4433 

1/07/2017 15:33 South China 14.5 50 22.14121 121.3613 

1/07/2017 14:49 South China 14.6 40 22.01049 121.2315 

26/06/2017 5:56  SINGAPORE ANCH   

26/06/2017 3:57 Singapore Area 0.2 211 1.294623 104.0561 

25/06/2017 16:00 Singapore Area 0.2 84 1.295622 104.0565 

25/06/2017 3:54 Singapore Area 0.1 171 1.29299 104.0563 

24/06/2017 23:13  SINGAPORE ANCH   

24/06/2017 20:03 Singapore Area 9 64 1.186135 103.8437 

24/06/2017 17:01 Singapore Area 11.3 120 1.193013 103.415 
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Time (UTC) Area Port Speed Course Latitude Longitude 

24/06/2017 15:26 Malacca Strait 11.4 126 1.376898 103.1824 

24/06/2017 3:48 Malacca Strait 9.8 128 2.509902 101.4779 

23/06/2017 23:48 Malacca Strait 10.7 115 2.850793 100.8709 

Source: MarineTraffic.com. 

The voyage profiles derived for this chapter are outlined in Table 7.3. These 

profiles represent schedules for a bulk carrier sailing between two ports. Only two 

port calls are shown as the second part of the voyage is left open-ended. 

Table 7.3. Voyage profiles for Case Studies. 

 Speed Profile 1 Profile 2 Profile 3 FOC (TPD) 

Voyage Duration  15 days 19 days 20 days  

Port Calls  2 2 2  

Normal Speed 14 6 days 0 2 40  

Eco Speed 12 6 days 16 days 16 22 

Low Speed 5 1 days 1 day 2 days 5 

In Port 0 2 days 2 days 2 days - 

The 3 operating speeds listed in the table above are described as follows: 

 Normal speed – this is the normal operating speed of the vessel and is 

typically the speed of the ship when the main engines are operating at 70-

75% of their MCR (Maximum Continuous Rating) in calm seas. 

 Eco Speed – by reducing the speed of a ship by 10% FOC can be reduced by 

around 20% [187], therefore vessels often operate below their normal 

operating speed especially when un-laden. This lower speed is often 

designated as the eco speed and for the voyage profiles shown in Table 7.3 

this speed is set at 12 kn with the M/E’s operating at around 50% of their 

MCR in calm seas. 

 Low Speed – this is a composite of speeds below eco-speed and is used to 

reflect the lower speeds ships operate at when entering or leaving ports or 
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transiting through canals and very congested sea lanes. This composite 

speed is set at 5 kn. 

Also for simplification purposes, for each voyage profile the ship remains in 

port for 24 hours either to load or unload cargo and/or take on supplies including 

bunker fuel.  

7.2.4 Wind conditions and probability matrix 

Forecasting or modelling wind conditions along any shipping route for the purpose of 

estimating the flow of air around a sail array is a complicated and difficult process. 

Not only do wind conditions change almost continuously, but there is the added 

complication of course changes made by the ship that alter the AWA relative to the 

sails. Despite this, true wind speed (TWS) and true wind direction (TWD) readings 

collected via shore-based AIS receivers can be useful for approximating wind 

conditions along shipping routes (Figure 7.3). They also assist with gaining an 

understanding of the range of wind speeds that might be encountered including wind 

gusts (Figure 7.4).  

 

Figure 7.3. Wind barbs for winds at height of 10 m in regions near 4 ships in the 

monitoring fleet. 

Source: MarineTraffic.com. 
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Figure 7.4. Example of modelled changing wind conditions at 10 m and 80 m and 

wind gusts during 7 day period near MV Leviathan. 

Source: MarineTraffic.com. 

Figure 7.3 illustrates that both the wind speed and wind direction are likely to 

vary along a ship’s course even if the ship maintains a steady heading. Figure 7.4 

displays the varying wind speeds and directions over a 7 day period and although 

these vary almost constantly, a daily approximation of wind conditions can be used 

to estimate how much supplementary propulsive power a sail or sail array could 

provide. For example on Thu 06.09 (Figure 7.4) we could approximate the wind 

speed at a height of 10 m above sea level as being around 15 km/h (8 kn) from a 

direction between approximately 170° - 190°.  

Based on the AIS TWS and TWA information it is possible to approximate the 

AWS and AWA (β) using the following expressions: 

 AWS = √W
2
+vShip

2 + 2WvShip cos α, (7.1) 

 β =  arccos (  
W cos α+vShip 

AWS
),                 (7.2) 

where W is the TWS (in knots and always ≥ 0), vShip is the velocity of the ship (in 

knots) and α is the TWA relative to ship’s bow. The relationship between true wind 

and apparent wind are displayed in Figure 7.5. TWA and AWA are vectors with wind 

and ships speed being scalar quantities. It should be noted that (7.1) and (7.2) are 
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intended only to approximate the apparent wind speed and angle and are not used 

for any calculations in this chapter apart from the example outlined below. 

 

Figure 7.5. Relationship between true & apparent wind speed, direction and angle. 

In the example of MV Leviathan shown in Figure 7.3, the ship was travelling at 

15.5 knots on a heading of 177° with the TWS being approximately 20 knots coming 

from a true bearing of 030°. Using (7.1) and (7.2) we are able to approximate the 

apparent wind conditions as follows: 

AWS = 11 kn. 

AWA = 96.7°. 

A more accurate source of wind data can be obtained from ships fitted with a 

data logging system or voyage data recorder (VDR) linked to an on-board 

anemometer and wind vane although this data may need to be adjusted if airflow 

around the anemometer is distorted by the ship’s superstructure or hull  [188]. An 

example of data obtained from a VDR on a bulker is displayed in Table 7.5. Other 

sources of information useful for estimating wind conditions and/or wind power along 

shipping sources include Evaluation of global wind power  [43], A comparative 

assessment of monthly mean wind speed products over the global ocean [189] and 

data sets available from various meteorological or science organizations [190-192].  
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Table 7.5. AWS and AWA logged by VDR on a bulker. 

Date Local Time UTC 
Wind  
Direction 

Wind  
Speed 

24/03/17 12:35 22:35 91.0° 15.30 m/s 

24/03/17 12:40 22:40 88.0° 16.32 m/s 

24/03/17 12:45 22:45 90.0° 17.34 m/s 

24/03/17 12:50 22:50 84.0° 16.83 m/s 

24/03/17 12:55 22:55 92.0° 18.36 m/s 

24/03/17 13:00 23:00 82.0° 18.87 m/s 

In Table 7.5 it can be observed that the AWA was from abeam or 

approximately abeam of the vessel during a period of 25 minutes and that the AWA 

varied from between 82.0° to 91.0° with the AWS varying between 15.30 m/s to 

18.87 m/s. This data set highlights the frequent variability of wind conditions and 

therefore it is unlikely that a sail or sail array would be in the ideal position at all 

times in terms of providing the maximum propulsive force unless it was almost 

constantly re-positioned. 

For the purpose of estimating the wind conditions for the case studies in 

section 7.4 a modified version of the global wind probability matrix as described in 

MEPC 62/INF.34 [83] was prepared (Table 7.6). This simplified wind probability 

matrix was derived from the aforementioned sources of wind data and the observed 

wind conditions around a monitoring fleet of vessels tracked on-line during 2016 - 

2019. The number and type of vessels in this monitoring fleet varied but typically 

consisted of 50 ships (Appendix I) and an example of the ship positions in this fleet 

with wind barbs are shown in Figure 7.6. Further examples of wind conditions near 

ships in the monitoring fleet are included in Appendix V.  

Table 7.6. Example of simplified wind probability matrix for major shipping routes. 

 Wind Speed (in knots) at 10 m above sea level 

AWA       AWS >1 - 5  >5 - 10  >10 - 15  >15 - 20 >20 - 25 ≥25 - 35 

0° 0.5 0.5 0.5 0.5 0.4 0.2 

10° 0.5 0.5 0.5 0.5 0.4 0.2 

20° 0.5 0.5 0.5 0.5 0.4 0.2 
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 Wind Speed (in knots) at 10 m above sea level 

AWA       AWS >1 - 5  >5 - 10  >10 - 15  >15 - 20 >20 - 25 ≥25 - 35 

30° 0.5 0.5 0.5 0.5 0.4 0.2 

40° 0.5 0.5 0.5 0.5 0.4 0.2 

50° 0.5 0.5 0.5 0.5 0.4 0.2 

60° 0.5 0.5 0.5 0.5 0.4 0.2 

70° 0.5 0.5 0.5 0.5 0.4 0.2 

80° 0.5 0.5 0.5 0.5 0.4 0.2 

90° 0.5 0.5 0.5 0.5 0.4 0.2 

100° 0.5 0.5 0.5 0.5 0.4 0.2 

110° 0.5 0.5 0.5 0.5 0.4 0.2 

120° 0.5 0.5 0.5 0.5 0.4 0.2 

130° 0.5 0.5 0.5 0.5 0.4 0.2 

140° 0.5 0.5 0.5 0.5 0.4 0.2 

150° 0.5 0.5 0.5 0.5 0.4 0.2 

160° 0.5 0.5 0.5 0.5 0.4 0.2 

170° 0.5 0.5 0.5 0.5 0.4 0.2 

180° 0.5 0.5 0.5 0.5 0.4 0.2 

190° 0.5 0.5 0.5 0.5 0.4 0.2 

200° 0.5 0.5 0.5 0.5 0.4 0.2 

210° 0.5 0.5 0.5 0.5 0.4 0.2 

220° 0.5 0.5 0.5 0.5 0.4 0.2 

230° 0.5 0.5 0.5 0.5 0.4 0.2 

240° 0.5 0.5 0.5 0.5 0.4 0.2 

250° 0.5 0.5 0.5 0.5 0.4 0.2 

260° 0.5 0.5 0.5 0.5 0.4 0.2 

270° 0.5 0.5 0.5 0.5 0.4 0.2 

280° 0.5 0.5 0.5 0.5 0.4 0.2 

290° 0.5 0.5 0.5 0.5 0.4 0.2 

300° 0.5 0.5 0.5 0.5 0.4 0.2 

310° 0.5 0.5 0.5 0.5 0.4 0.2 

320° 0.5 0.5 0.5 0.5 0.4 0.2 

330° 0.5 0.5 0.5 0.5 0.4 0.2 

340° 0.5 0.5 0.5 0.5 0.4 0.2 

350° 0.5 0.5 0.5 0.5 0.4 0.2 

Sub Totals 18 18 18 18 14.4 7.2 

Matrix Total 93.6 

Kn to m/s  (approximate values) using 1 kn = 0.514 m/s 

kn  1 - 5 >5 - 10  >10 - 15 >15 - 20  >20 - 25  >25 - 35  

m/s 0.5 - 2.6  >2.6 - 5.1 >5.1 - 7.7 >7.7 - 10.3  >10 .3  >13 - 18  
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Figure 7.6. Locations of ships in monitoring fleet with wind barbs – June 2017. 

Source: MarineTraffic.com. 

In preparing the wind probability matrix (Table 7.6) the following assumptions 

were made: 

 Ships typically avoid strong storms and regions where excessive wind speeds 

are present. Therefore the highest wind speed in the matrix is 35 kn or 18 m/s. 

Additionally it is assumed that the sails would be retracted, folded or stowed 

when the wind speed from any direction exceeded 35 kn. 

 It is likely that sail-equipped powered ships will operate along or near existing 

shipping routes and not necessarily on routes that are more suitable for the 

use of sails. The ship’s passage plan may be adjusted however based on 

actual weather conditions including the sea state [193] or due to forecasted 

conditions reported via weather routing systems [194]. 

The wind probability matrix (Table 7.6) is only intended to provide a 

framework to assist in estimating the propulsive power from wind power devices on 

ships. It is not specific to any region or route nor is it intended to be an accurate 

representative of actual wind conditions. Thus it would need to be modified for cases 

when a ship operated on a regular route or within a specific region with the 
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Mediterranean Sea, North Sea, English Channel or Great Lakes being notable 

examples.  

The sum of the values listed in the matrix is equal to 93.6 and this represents 

93.6% of the possible wind angles and wind speeds that might be encountered along 

shipping routes for the purposes of this study. For the remaining 7.4% of the time it is 

assumed that the wind speed is either below 1 kn and consequently the sails would 

provide little or no propulsive power, or above 35 kn in which case they would be 

stowed, retracted or lowered.  

7.2.5 SRS array power profile 

The formula for estimating the propulsive power from the array is derived from 

Formula 3.9 as used to calculate the propulsive power for a single sail [134]. Thus 

sail array power (PSA) is calculated using: 

 PSA = FSA vShip, (7.3) 

where FSA (N) is the total force (FX) in the direction of ships movement resulting from 

the sail array and vShip is the velocity (m/s) of the ship. 

Analysis of the propulsive power provided by a 14 SRS array is discussed in 

Chapter 6 and based on this a power profile and CX polar chart was created as per 

Table 7.7 and Figure 7.7. The CX polar chart (Figure 7.6) was prepared assuming 

that the sails in the array are normally set at sail direction (SD) 0° when the wind 

direction is from abeam or astern of the vessel and stored (or feathered) when winds 

are coming from over the bow in a clockwise arc from 280° to 80°. The exception 

being that the sails would be rotated to SP 30° or 330° when the wind direction was 

from abeam of the vessel (I.e. AWA = 90° or 270°). This would result in the AoA 

being set to 30° and thereby increase the propulsion force in the direction of ship’s 

movement. This change in sail direction is the source of the CX  spike seen in the 

polar chart. The sails could also possibly be rotated to optimize the array 

performance at other AWA’s, however in these positions the array might also create 

significant side forces. Therefore when calculating array power in this study these 

additional sail directions were not considered. 
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Table 7.7. Power profile for SRS array with 14 sails in side by side configuration. 

Sail array: 14 segment rigid sails. Side by side configuration.  

Sail Height (SH) 12.5 m CX (Max)  1.24 

Chord (C) 8.0 m 
Max Operating Limit  
(All wind directions) 

18 m/s  

Aspect Ratio (AR) 1.56 
PMAX at 18 m/s 
vShip 7.2 m/s 

2767 kW 

Sail Area (A) 100 m2 
PMAX at 15 m/s 
vShip 7.2 m/s 

1687 kW 

Sail Array Area (ASA) 1400 m2 
PMAX 10 m/s 
vShip 7.2 m/s 

750 kW 

 
PMAX at 5 m/s 
vShip 7.2 m/s 

186 kW 

 
CX Polar Chart for SRS Array 

 

Figure 7.7. CX polar chart for SRS array with 14 sails and sail direction adjusted at 

AWA = 90° or 270° to optimize propulsive power. 

As discussed earlier the AWD is likely to vary constantly therefore for the 

purpose of modelling PSA an average value for CX ( 𝐶𝑋
̅̅ ̅ ) was calculated using: 

 𝐶𝑋
̅̅ ̅  =  

1

𝑛  
 ∑ 𝐶𝑋𝑖

𝑛
𝑖=1 , (7.4) 

where CX represents the coefficient of thrust (or propulsive force) for the sail array at 

AoA’s from 90° to 180° in 10° increments. For the SRS array described in Chapter 6 

𝐶𝑋
̅̅ ̅ = 1.0 and this was determined based on the values for CX displayed in Table 7.8. 

AWA 

0° - 360° 
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The use of 𝐶𝑋
̅̅ ̅ effectively smooths variations in propulsive power provided by the 

sails due to changes in the wind direction. A similar approach to using an average 

value for CX  outlined in this chapter is also discussed in a wind tunnel study of 4 sails 

on a model of a bulker [10].  

Table 7.8. Cx values for an SRS array with 14 sails. 

AWA 
90°* 
270°* 

100° 

260° 
 

110° 
250° 
 

120° 
240° 
 

130° 
230° 
 

140° 
220° 
 

150° 
210° 
 

160° 
2000° 

170° 
190° 

180° 

CX 1.03 0.53 0.93 1.2 1.12 1.18 1.24 1.1 0.93 0.64 

* The figure for CX at AoA 90°/270° represents the figure for when the array is at SD 

330° or 30°. 

It would appear possible by observing the value of CX at AWA’s of 100° and 

110° that this could be increased by adjusting the AoA of the sail array. This 

adjustment may increase 𝐶𝑋
̅̅ ̅ above 1.0 due to the sails being at a more favourable 

AoA, and along with other adjustments to the sail directions the overall propulsive 

performance of the array could be improved. However as noted earlier, this could 

increase the side force created by the array and this topic requires further 

investigation. In addition the operation of the sail array would be simplified if the sails 

were rarely rotated into new positions. 

7.2.6 Voyage analysis 

This step consists of separating the voyage of the vessel into stages and 

determining the average speed of the vessel during each stage. The time period 

used for the stages would typically be 1 day in duration although shorter periods 

could also be used. This step is discussed in more detail in the next section. 

7.3 Voyage analysis and case studies 

7.3.1 Terminology and explanations   

For each of the voyage profiles outlined in Table 7.3 a case study was created to 

estimate on a daily basis, the effectiveness of the SRS array. These voyages are 

broken up into stages with the 1st stage being the outbound leg with the ship laden 
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and the 2nd stage being the next leg with the ship un-laden. The main phases within 

each stage are defined as follows: 

 In Port – this includes time to load or unload cargo and/or take on stores and 

supplies including bunker fuel plus manoeuvre to/from the berth or anchorage. 

Although a ship would use the M/E’s for a small amount of time during this 

phase, this usage is not included for simplification purposes. Also it is 

assumed that the sails would not be used in or near ports and as a result they 

would provide no propulsive power during this stage. 

 Underway – this covers the period when the ship is under M/E power and 

operating at normal or eco speed. 

 Transit – this refers to periods when the ship is operating on average at 5 kn 

for the purposes of entering or leaving port, navigating through congested sea 

lanes or through narrow passages or waterways such as the Suez Canal. 

Flags are also used in Tables 7.9 – 7.11 to indicate notable conditions during each 

voyage. These flags are: 

 EWS – excessive wind speed(s). Used to indicate an AWS above 35 knots or 

18 m/s. 

 HW – headwind(s). Used to indicate an AWA from ahead of the ship (or over 

the bow) and within the dead zone as shown in Figure 7.7. In this zone CX = 0. 

 LWS – low wind speed(s). Used to indicate an AWS below 1 kn or 0.5 m/s. 

If no flags are used then this indicates that the AWA is from within the power zone 

(Figure 7.8).  
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Figure 7.8. Outline of wind power zones around Eco Ship with an SRS array. 

7.3.2 FOCR estimates 

The estimated FOCR for each voyage is based upon the percentage of M/E power 

that the SRS array could provide dependant on the AWA, AWS at a given vShip. This 

relationship can be expressed as: 

 FOCR = (
PSA

PME
) FOC, (7.5) 

where PSA is the sail array power (kW), PME is the M/E power (kW) and FOC is the 

fuel consumption in tonnes (t) although this can also be expressed in kilolitres (kL). 

It should be noted that if M/E power could theoretically be reduced due to PSA 

then this may not directly result in the same percentage reduction in fuel 

consumption due to the performance characteristics of the M/E’s and other factors 

including rudder activity and propeller pitch ratio [37]. For example, changing wind 

conditions may result in the sails providing variable thrust and this in turn may result 

in the adjustment of the main engine revolutions in order to maintain a constant 

speed [195]. Thus the reduction in fuel consumption may be less than expected due 
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to the ships propulsion system not operating at its ideal propulsion and engine 

running points [196].   

A more precise fuel saving model could be produced though based on sea 

trials and operational experiences for each ship class/type. This revised FOCR 

model could then be incorporated into a fuel saving algorithm and this would enable 

real time FOCR performance data to be available whilst sails were being used. This 

improved FOCR model for a rigid sail array could then form part of a more extensive 

ship propulsion performance model that factored in draught and trim, air temperature, 

sea water temperature and the degradation in the performance of the ship’s 

propulsions system over time due to fouling of the hull and propeller [197]. This 

would allow for longer term FOCR estimates to be made for ships fitted with rigid 

sails or similar devices.  For the purposes however of making an initial FOCR 

assessment, the methodology outlined in this chapter would be sufficient. 

Using Formula 7.3 the PSA was estimated for each day of the voyages taking 

into consideration the daily average wind speed and wind direction plus applying the 

process outlined in Section 7.2. This methodology could also be adapted to utilize 

wind speed and direction data at 6 or 12 hour intervals via AIS receivers or from 

VDR data logged every 5 minutes as displayed in Table 7.5.  

An alternative approach to estimating the effective power from wind 

propulsion systems is outlined in MEPC.1/Circ.815 [14] and is expressed as: 

 

, 

 
 

(7.6) 

where (feff • Peff) is the available effective power in kW, Vref is the ship reference 

speed in kn and nT  is the total efficiency of the main drives (engines).  F(Vref)I,j  Wi,j are 

values obtained from force matrices with W being the wind speed in knots. The 

second half of this formula is to deduct the power required by a wind propulsion 

system and for the rigid sail array outlined in this study, this would typically be 0 

apart from a relatively small amount of power required to rotate the sails to SP 330° 

or 30° or to raise, lower and stow the sails. Thus for the purposes of estimating PSA 
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for the case studies, Formula 7.4 is used since this encompasses the performance 

characteristics of the entire sail array. FOC figures used in the case studies are 

based on the typical figures for a ship operating in calm weather. These estimates 

could be modified in an expanded study to take into account such factors as sea 

state, trim, hull state and M/E condition [85] and based on FOC figures available in 

the literature [85, 195, 198].  

7.3.3 Case study 1: Eco Ship voyage profile 1 

The first voyage is comprised of two port calls, two sailings of 6 days each and a 

transit day. For the 1st stage the ship operates at its normal design or operating 

speed of 16 kn whilst at sea with the M/E’s operating at 70-75% MCR. During the 2nd 

stage the ship is operating mainly at its eco speed of 12 knots with the M/E’s at 

around 50% MCR. For both stages it is assumed that headwinds are present for 

50% of the time and that the ship encounters winds ranging from a gentle breeze 

(BFT 3) or 8 kn to a fresh breeze (BFT 5) or 20 kn. This voyage profile is aimed at 

reflecting a ship operating on a route during times when winds are not particularly 

strong or favourable for the use of a sail array. Details of the voyage, calculated 

potential power and FOCR are shown in Table 7.9. 

Table 7.9. SRS array power and FOCR estimates for Case Study 1. 

Day Itinerary SOG AWS  SRS Array M/E  Array FOC FOCR Flag 

  kn m/s kn m/s N kW kW % t t  

1 In Port 0 0 0 0 0 0 0 0.0 1 0.0  

2 Underway 16 8.2 10 5.2 22319 184 13000 1.4 46 0.7  

3 Underway 16 8.2 20 10.3 89276 736 13000 5.7 46 2.6  

4 Underway 16 8.2 0 0.0 0 0 13000 0.0 46 0.0 HW 

5 Underway 16 8.2 8 4.1 14284 118 13000 0.9 46 0.4  

6 Underway 16 8.2 0 0.0 0 0 13000 0.0 46 0.0 HW 

7 Underway 16 8.2 0 0.0 0 0 13000 0.0 46 0.0 HW 

Stage 1        1.3 277 3.7  

             
8 In Port 0 0 0 0 0 0 0 0 1 0.0  

9 Underway 12 6.2 20 10.3 89276 552 5000 11.0 22 2.4  

10 Underway 12 6.2 10 5.2 22319 138 5000 2.8 22 0.6  

11 Underway 12 6.2 8 4.1 14284 88 5000 1.8 22 0.4  

12 Underway 12 6.2 0 0.0 0 0 5000 0.0 22 0.0 HW 

13 Underway 12 6.2 0 0.0 0 0 5000 0.0 22 0.0 HW 

14 Underway 12 6.2 0 0.0 0 0 5000 0.0 22 0.0 HW 
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Day Itinerary SOG AWS  SRS Array M/E  Array FOC FOCR Flag 

15 Transit 5 2.6 8 4.1 14284 37 1500 2.5 5 0.1  

Stage 2        2.6 138 3.5  

             
Voyage        1.7  7.2  

For stage 1 the SRS array could potentially provide on average approximately 

1.3% of the propulsive power required. This relatively low figure is due to headwinds 

and the overall light wind conditions. For stage 2 the SRS array could provide 

approximately 2.6% of the propulsive power or PME but again its effectiveness is 

hampered by the wind conditions. The slight improvement in terms of power 

provided by the SRS array during stage 2 is primarily due to the lower operating 

speed of the vessel. For the overall voyage it is estimated that the array would yield 

a FOCR of 1.7% or 7.2 tonnes. 

7.3.4 Case study 2: Eco Ship voyage profile 2 

For the 2nd voyage the estimates are based on the ship primarily operating at its eco 

speed. This voyage is comprised of 2 port calls, 16 days at eco speed and 1 transit 

day. During the 1st stage headwinds are experienced on 62.5% of the time the ship is 

underway with only relatively light winds encountered on most days with the AWS 

ranging from 5 to 20 knots. Power and FOCR estimated for this voyage are outlined 

in Table 7.10. 

Table 7.10. SRS array power and FOCR estimates for Case Study 2. 

Day Itinerary SOG AWS  SRS Array M/E  Array FOC FOCR Flag 

  kn m/s kn m/s N kW kW % t t  

1 In Port 0 0 0 0 0 0 0 0.0 1 0.0  

2 Underway 12 6.2 10 5.2 22319 138 1500 9.2 22 2.0  

3 Underway 12 6.2 20 10.3 89276 552 5000 11.0 22 2.4  

4 Underway 12 6.2 0 0.0 0 0 5000 0.0 22 0.0 HW 

5 Underway 12 6.2 5 2.6 5580 35 5000 0.7 22 0.2  

6 Underway 12 6.2 0 0.0 0 0 5000 0.0 22 0.0 HW 

7 Underway 12 6.2 0 0.0 0 0 5000 0.0 22 0.0 HW 

8 Underway 12 6.2 0 0.0 0 0 5000 0.0 22 0.0 HW 

9 Underway 12 6.2 0 0.0 0 0 5000 0.0 22 0.0 HW 

Stage 1        2.0 177 4.6  

             10 In Port 0 0 0 0 0 0 0 0 1 0.0  

11 Transit 5 2.6 20 10.3 89276 230 1500 15.3 5 0.8  
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Day Itinerary SOG AWS  SRS Array M/E  Array FOC FOCR Flag 

12 Underway 12 6.2 14 7.2 43745 271 5000 5.4 22 1.2  

13 Underway 12 6.2 10 5.2 22319 138 5000 2.8 22 0.6  

14 Underway 12 6.2 12 6.2 32139 199 5000 4.0 22 0.9  

15 Underway 12 6.2 15 7.7 50218 311 5000 6.2 22 1.4  

16 Underway 12 6.2 0 0.0 0 0 5000 0.0 22 0.0 HW 

17 Underway 12 6.2 1 0.3 0 0 5000 0.0 22 0.0 LWS 

18 Underway 12 6.2 25 12.9 139494 863 5000 17.3 22 3.8  

19 Underway 12 6.2 18 9.3 72314 447 5000 8.9 22 2.0  

Stage 2        5.9 182 10.6  

             
Voyage        4.1 359 15.2  

For the 1st stage of this second voyage profile the wind conditions were not 

conducive to the use of the SRS array on most days. On day 3 though approximately 

11% of the required propulsive power could be provided by PSA and this would lead 

to a daily FOCR of approximately 2.4 tonnes. Overall it is estimated that for stage 1 

the SRS array could provide approximately 2% of PME. During the 2nd stage wind 

conditions were more favourable although on day 16, headwinds were factored into 

the model and on day 17 the AWS averaged below 1 kn. Overall for this stage the 

estimated FOCR was approximately 5.9% and for the entire voyage the SRS array 

could potentially provide 4.1% of the required PME resulting in a FOCR of 15 tonnes.  

7.3.5 Case study 3: Eco Ship voyage profile 3 

The final voyage profile is a scenario aimed to illustrate the effectiveness of the SRS 

array when wind conditions were more suited to use the use of rigid sails. For the 

first stage of the voyage the ship is sailing on a course and route where the SRS 

array could provide a significant amount of propulsive power. In particular when the 

ship is sailing at 5 kn with an AWS of 22 kn & the AWA within the power zone, the 

array could provide nearly 19% of the required PME. Overall for the 1st stage it was 

calculated that the SRS array could provide approximately 10.5% of PME and FOCR 

reduced by a similar amount. Key figures for this voyage are contained in Table 7.11. 
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Table 7.11. SRS array power and FOCR estimates for Case Study 3. 

Day Itinerary SOG AWS  SRS Array M/E  Array FOC FOCR Flag 

  kn m/s kn m/s N kW kW % t t  

1 In Port 0 0 0 0 0 0 0 0.0 1 0.0  

2 Transit 5 2.6 22 11.3 108024 278 1500 18.6 5 0.9  

3 Underway 12 6.2 18 9.3 72314 447 5000 8.9 22 2.0  

4 Underway 12 6.2 20 10.3 89276 552 5000 11.0 22 2.4  

5 Underway 12 6.2 22 11.3 108024 668 5000 13.4 22 2.9  

6 Underway 12 6.2 15 7.7 50218 311 5000 6.2 22 1.4  

7 Underway 12 6.2 22 11.3 108024 668 5000 13.4 22 2.9  

8 Underway 12 6.2 15 7.7 50218 311 5000 6.2 22 1.4  

9 Underway 12 6.2 20 10.3 89276 552 5000 11.0 22 2.4  

10 Underway 12 6.2 20 10.3 89276 552 5000 11.0 22 2.4  

Stage 1        10.5 182 18.8  

             11 In Port 0 0 0 0 0 0 0 0 1 0.0  

12 Transit 5 2.6 20 10.3 89276 230 1500 15.3 5 0.8  

13 Underway 12 6.2 14 7.2 43745 271 5000 5.4 22 1.2  

14 Underway 12 6.2 10 5.2 22319 138 5000 2.8 22 0.6  

15 Underway 12 6.2 12 6.2 32139 199 5000 4.0 22 0.9  

16 Underway 12 6.2 15 7.7 50218 311 5000 6.2 22 1.4  

17 Underway 12 6.2 0 0.0 0 0 5000 0.0 22 0.0 HW 

18 Underway 12 6.2 38 19.6 0 0 5000 0.0 22 0.0 EWS 

19 Underway 12 6.2 25 12.9 139494 863 5000 17.3 22 3.8  

20 Underway 12 6.2 0 0.0 0 0 5000 0.0 22 0.0 HW 

Stage 2        4.8 182 8.6  

             Voyage        7.7 364 27.4  

During the 2nd stage there were 3 days or 33% of the time when the array 

could not be used due to headwind conditions (2 days) and one day when winds 

were too strong with AWS = 38 knots. These conditions reduced the power that 

could have been provided by the sails during the voyage to 4.8% of PME. For the 

complete voyage the FOCR estimate was 7.7% or approximately 27.4 tonnes.  
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Figure 7.9. AWS, SOG and SRS array power as a percentage of M/E power for 

Case Study 3, Stage 1. 

The relationship between the AWA and PSA as a percentage of PME (Array %) 

at a given SOG is shown in Figure 7.9. If the ship was operating at a low speed (5 

kn) and strong winds were present within the power zone then the SRS could in 

theory provide around 19% of the PME required to propel the ship. As would be 

expected, when the ship speed over ground (SOG) and PME  increase the percentage 

of power provide by the array declines to 13.4% at the same AWS. We can 

summarize therefore that the sail array is most useful when the ship is operating at 

lower speeds and during periods when winds are relatively strong.  

7.3.6 Best case scenarios 

As a theoretical exercise a number of best case (BC) daily voyage scenarios were 

modelled using ideal wind conditions with the ship underway at low speed, eco 

speed and normal speed. These results from this modelling are shown in Table 7.12. 
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Table 7.12. Best case scenarios for Eco Ship with 14 SRS array. 

Case Ship Status SOG AWS  
 

F Array M/E  Array FOC FOCR 

  kn m/s kn m/s N kW kW % t t 

1 Underway 5 2.6 15 7.7 50218 129 1500 8.6 5 0.4 

2 Underway 5 2.6 20 10.3 89276 230 1500 15.3 5 0.8 

3 Underway 5 2.6 25 12.9 139494 360 1500 24.0 5 1.2 

4 Underway 5 2.6 30 15.5 200872 518 1500 34.5 5 1.7 

5 Underway 5 2.6 35 18.0 273408 705 1500 47.0 5 2.3 

6 Underway 12 6.2 15 7.7 50218 311 5000 6.2 22 1.4 

7 Underway 12 6.2 20 10.3 89276 552 5000 11.0 22 2.4 

8 Underway 12 6.2 25 12.9 139494 863 5000 17.3 22 3.8 

9 Underway 12 6.2 30 15.5 200872 1243 5000 24.9 22 5.5 

10 Underway 12 6.2 35 18.0 273408 1691 5000 33.8 22 7.4 

11 Underway 16 8.2 15 7.7 50218 414 13000 3.2 46 1.5 

12 Underway 16 8.2 20 10.3 89276 736 13000 5.7 46 2.6 

13 Underway 16 8.2 25 12.9 139494 1150 13000 8.8 46 4.1 

14 Underway 16 8.2 30 15.5 200872 1657 13000 12.7 46 5.9 

15 Underway 16 8.2 35 18.0 273408 2255 13000 17.3 46 8.0 

Not surprisingly the best results in terms of PSA and PME occur when the ship 

operates at low speed with an AWS of 35 knots and the AWA within the power zone. 

In terms of FOCR in tonnes per day (TPD), the largest reduction was achieved with 

the ship operating at normal speed with the AWS = 35 knots and the AWA within the 

power zone.  

7.3.7 Fuel cost saving estimates 

Based on the results outlined in Tables 7.9 - 7.11, an estimate of the potential fuel 

cost savings was calculated (Table 7.10). A best case example from Table 7.9 is 

also included for reference purposes. In calculating these savings only days at sea 

were considered, meaning that the vessel was either underway and not in transit or 

in port. The fuel cost per tonne at $500 & $600 is for heavy fuel oil (HFO) for a ship 

fitted with scrubbers, and $700 & $800 is for low sulphur oil (LSO) being used on a 

ship without scrubbers. The number of days per year that the ship is at sea was set 

to 260 [126]. All fuel costs are stated in United States Dollar terms (USD). 
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Table 7.13. Fuel cost savings for Eco Ship fitted with 14 sail SRS array.  

Case Average FOCR  Fuel Cost Time at Sea  Annual Savings 

Voyage/Stage TPD USD/Tonne Days per year USD 

1/1 0.6 $500 260 $78,000 

3/2 0.9 $500 260 $117,000 

2/2 1.2 $500 260 $156,000 

3/1 2.2 $500 260 $286,000 

BC 8 3.8 $500 260 $494,000 

     
1/1 0.6 $600 260 $93,600 

3/2 0.9 $600 260 $140,400 

2/2 1.2 $600 260 $187,200 

3/1 2.2 $600 260 $343,200 

BC 8 3.8 $600 260 $592,800 

1/1 0.6 $700 260 $109,200 

3/2 0.9 $700 260 $163,800 

2/2 1.2 $700 260 $218,400 

3/1 2.2 $700 260 $400,400 

BC 8 3.8 $700 260 $691,600 

1/1 0.6 $800 260 $124,800 

3/2 0.9 $800 260 $187,200 

2/2 1.2 $800 260 $249,600 

3/1 2.2 $800 260 $457,600 

BC 8 3.8 $800 260 $790,400 

 

7.3.8 24 hour voyage profile 

The methodology outlined in this chapter could be applied to estimate the potential 

power of the sail array on an hourly basis. In this case the actual array CX at each 

AWA could be used rather than 𝐶𝑋
̅̅ ̅ and power expressed in kilowatt hour (kWh) 

notation. An example of a ship’s voyage during a 24 hour period with the PSA 

estimated hourly is shown in Table 7.14. 

Table 7.14. Hourly SRS array power and FOCR estimates for ship operating at 12 

knots.  

Hr AWS  AWS  AWA Cx F Array M/E  Array FOC FOCR Flag 

 kn m/s °  N kWh kWh % t t  

1 23 11.9 100 0.53 62576 387 5000 7.7 0.92 0.07  

2 22 11.3 100 0.53 57253 354 5000 7.1 0.92 0.06  

3 18 9.3 90 1.03 74483 461 5000 9.2 0.92 0.08  

4 20 10.3 110 0.93 83027 514 5000 10.3 0.92 0.09  
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Hr AWS  AWS  AWA Cx F Array M/E  Array FOC FOCR Flag 

5 22 11.3 120 1.2 129629 802 5000 16.0 0.92 0.15  

6 15 7.7 120 1.2 60261 373 5000 7.5 0.92 0.07  

7 22 11.3 130 1.12 120987 748 5000 15.0 0.92 0.14  

8 15 7.7 130 1.12 56244 348 5000 7.0 0.92 0.06  

9 12 6.2 140 1.18 37925 235 5000 4.7 0.92 0.04  

10 12 6.2 140 1.18 37925 235 5000 4.7 0.92 0.04  

11 10 5.2 150 1.24 27676 171 5000 0 0.92 0.00  

12 10 5.2 160 1.1 24551 152 5000 3.0 0.92 0.03  

13 8 4.1 170 0.93 13284 82 5000 1.6 0.92 0.02  

14 8 4.1 180 0.64 9142 57 5000 1.1 0.92 0.01  

15 5 2.6 190 0.93 5189 32 5000 0.6 0.92 0.01  

16 15 7.7 260 0.53 26615 137 5000 2.7 0.92 0.03  

17 15 7.7 270 1.03 51724 320 5000 6.4 0.92 0.06  

18 18 9.3 290 0 0 0 5000 0.0 0.92 0.00 HW 

19 20 10.3 270 1.03 91955 569 5000 11.4 0.92 0.10  

20 20 10.3 310 0 0 0 5000 0.0 0.92 0.00 HW 

21 16 8.2 330 0 0 0 5000 0.0 0.92 0.00 HW 

22 12 6.2 0 0 0 0 5000 0.0 0.92 0.00 HW 

23 24 12.4 0 0 0 0 5000 0.0 0.92 0.00 HW 

24 28 14.4 0 0 0 0 5000 0.0 0.92 0.00 HW 

Totals     5975 120000 5.0 22.00 1.06  

In this example the ship’s speed is constant but the AWS and AWA vary, with 

the apparent wind moving gradually from abeam on the starboard side until the 

apparent wind direction is from directly over the bow. Time is expressed in 24 hour 

format with Hour (Hr) 1 for example representing the period 00:01 – 00:59. The AWS 

for each hour reflect the wind speeds set out in the simplified wind probability matrix 

(Table 7.6) with the AWS at 20 kn or less for 18 hours or 75% of the 24 hour period. 

At 18:00 the AWA moves towards the ship’s bow (dead zone) and thus no propulsive 

power is produced by the sail array as the sails would either be lowered or feathered. 

At 19:00 the winds shift back towards the power zone before moving back into the 

dead zone and remaining there for the rest of the day.  

During a 24 hour period using the wind conditions as set out in Table 7.14, it 

is estimated that fuel consumption would be reduced by approximately 1 tonne and 

that the sail array could potentially provide 5,975 kWh of propulsive power or 5% of 

PME. It is important to note however that the frequent changes in AWS and AWA 



Page 179 

could cause fluctuations in PSA (Figure 7.10) and this consequently may have an 

impact on the FOCR as discussed in 7.3.2.   

 

Figure 7.10. Example of AWS and SRS array power in kWh over 24 hours for ship 

operating at 12 knots.  

7.4  Notes and limitations 

The methodology outlined in this chapter enables an estimate to be calculated 

regarding the propulsive power that could be provided by an arrangement of multiple 

rigid sails on a ship and the possible FOCR, however the following notes and 

limitations need to be considered. 

 Side forces and rudder angle. As the apparent wind angle (AWA) moves 

towards the beam of the ship, the side force resulting from the SRS array 

would increase. In this study the SRS array remains mostly at SD 0° and 

thus side forces are minimized. In Chapter 6 it was shown that when AWA 

= 90° and the SD is changed to 335°, that the side force was 6.18% higher 

than for  the same ship with no sails. For sail arrays with a larger total 

surface area the side force created by the sails would become even larger 

in those circumstances and if this force has to be countered by adjusting 

the rudder angle, then 2% to 6% additional hydrodynamic resistance might 

occur even with a rudder set at moderate angles [199]. This additional 
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resistance could lead to an increase in fuel consumption and to some 

extent, may offset the fuel oil consumption reduction provided by the sail 

array. This topic was outside the scope of the current study but is certainly 

a topic that warrants further analysis.  

 Vessel stability. As noted above, the sails in the SRS array in this study 

were most often at SD 0°. Therefore in most cases the forces acting on the 

sail array will predominately be in the direction of ship’s movement and as 

a consequence this would not be expected to have a significant adverse 

effect on the overall stability of the ship. In addition, under certain 

circumstances the use of rigid sails have been shown to improve vessel 

stability with the roll angle on-board Usuki Pioneer reported as being 

reduced by 30% in the 1980’s when its JAMDA sails were set [5]. Although 

the specific reasons for this improved stability are unknown. The size, 

height and weight of the sails and their impact on the ship’s centre of 

gravity [118, 170] would also need to be carefully analysed when 

considering installing sails onto an existing ship or during a new ship 

design project, along with the resultant gravitational and inertial loads 

described by ClassNK in their guidelines for wind-assisted propulsion 

systems [13]. Other stability related factors to be considered include the 

calculation of minimum overturning moment, wind heeling moment and 

metacentric height as discussed in the literature [75, 170]. 

 AWA from directly astern. When the apparent wind is from directly astern 

of the ship CX is reduced to 0.64 since effectively only the rear surfaces of 

the two rear sails are directly facing the wind. This occurrence is not 

directly incorporated into the daily SRS array power profile modelling since 

𝐶𝑋
̅̅ ̅  is used rather than the specific CX at each AWA and AoA combination.  

This would not have a major impact on results for two reasons. Firstly it is 

unlikely that the AWA would be coming precisely from this direction for an 

extended period of time and secondly, because the drag force resulting 

from the ships superstructure and in particular the accommodation block 

would supplement to a certain extent, the propulsive power provided by 

the array.  
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 Sea states. The FOC of a ship will typically increase during stormy 

weather and in a study of 418 noon reports, it was found that higher fuel 

consumption occurred between BFT 4 – 6 [85]. This increase in FOC is 

currently not factored into the FOCR methodology outlined in this chapter 

since the ship’s FOC is not increased to reflect the probable higher sea 

state conditions that may be associated with increased wind speeds. 

 Relationship of PME and FOC. For the case studies it has been assumed 

that PME and FOC are directly proportional. Thus if the SRS array could 

provide 10% of the power required to propel the ship, then PME and 

consequently FOC would be reduced by approximately the same 

magnitude. This does not take into account in detail the relationship 

between the M/E power curve and FOC but this could be factored into 

more detailed case studies for particular ship types or classes of ships. 

 Eco Ship without SRS array. In this chapter the potential power from the 

sail array has been used to calculate the FOCR estimates. In reality 

though, the ship’s hull and superstructure would, under certain conditions, 

also harness the power of the wind by effectively acting as sail surfaces. 

Therefore during a feasibility study for a sail-assisted ship design project, it 

would be necessary to calculate the potential propulsive power provided 

by the wind with and without the sail array fitted. This would enable the net 

benefit of adding these devices to the ship to be determined. In addition 

the impact of the ship’s hull and deck fittings on the performance of the sail 

array requires further investigation as this may reduce the performance of 

each sail [10].  

7.5 Conclusions 

In this chapter case studies were undertaken to determine the fuel oil consumption 

reduction achievable through the use of a SRS array on a ship. These case studies 

incorporated the results from the CFD analysis of a 3D SRS array on an Eco Ship as 

described in Chapter 6 with voyage profiles that were developed to reflect 

operational conditions. On a voyage basis it was estimated that an SRS array could 

provide approximately 1.7% to 7.7% of PME depending on ship’s speed and wind 
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conditions. This supplementary propulsive force would also result in a similar 

percentage in FOCR depending on the performance curve of the M/E’s and other 

factors. Under a best case scenario, it was estimated that the SRS array could 

provide 47% of PME. Additionally due to the FOCR achieved via the use of the SRS 

array, airborne emissions from ships fitted with rigid sails would also be reduced 

depending on the type of fuel used. 

Annual fuel cost savings estimates ranged from $78k (USD) at a fuel oil price 

of $500 per tonne and an average daily FOCR of 0.6 t, to $457k when the fuel price 

was $800 per tonne and FOCR was reduced by an average of 2.0 TPD. Under a 

best case scenario where FOCR was reduced by an average of 3.8 TPD, the annual 

fuel cost savings were estimated to be $790k at a fuel oil price of $800 per tonne. 

These cost savings illustrate that in addition to reducing fuel consumption & airborne 

emissions, that the use of rigid sails could also lead to significant annual fuel cost 

savings especially if the sails were fitted to multiple vessels. 

Overall it can be concluded that a simple SRS array could provide a 

significant source of supplementary propulsive power even if the sails in the array 

remained fixed for most apparent wind angles. There also appears to be scope to 

improve the performance of the array by adjusting the angle of attack of the sails to 

better suit the apparent wind direction via an automated control system. This control 

system would enable the entire sail array or individual sails to be positioned 

automatically to optimize their performance depending on the ships speed, wind 

speed and wind direction. It may also be possible to improve the performance of the 

sail array by modifying the sail design to improve their aerodynamic characteristics 

and/or alter the dimensions of the sails. 

Chapter epilogue 

This chapter contains the final body of research and analysis undertaken 

for this project. It links the aerodynamic performance of the segment 

rigid sail and sail array, with a methodology for estimating by how much 

fuel oil consumption could be reduced on a large powered ship though 

the use of a rigid sail array.  
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Chapter 8: Summary and Conclusions. 
 

This final chapter provides an overall summary of the thesis and highlights the most 

significant findings of the individual chapters. It also discusses their implications and 

outlines topic areas that may warrant further research. 

8.1 Project summary 

This research project investigated how an array of rigid sails utilized as a 

supplementary source of propulsive power, could reduce fuel oil consumption (FOC) 

on a large powered ship. A new type of rigid sail was created for this analysis and 

this was defined as a segment rigid sail (SRS). The performance of the SRS and an 

array of 14 sails were studied using a virtual wind tunnel and CFD analysis 

(Chapters 3 to 6). The SRS array was then mounted onto a 3D Eco Ship CAD model 

(base ship) and the airflow around the ship and sails observed. The performance of 

the sail array not mounted on the ship was also analysed in more detail (Chapter 6). 

The Eco Ship model was derived from a 2D concept design for a large bulker that 

has the wheelhouse and accommodation block located towards the front of the 

vessel. Thus airflow coming from astern of the ship is not obstructed by these 

structures. In Chapter 7 fuel oil consumption reduction (FOCR) estimates were 

calculated using 3 voyage profiles. These voyage profiles were based on the 

specifications of the Eco Ship concept design in terms of main engine power and fuel 

consumption and the daily operational profiles of ships operating on typical major 

shipping routes. Wind speed and direction data was also factored into these 

estimates by means of a wind probability matrix. In addition, an example of how the 

SRS array FOCR modelling could be applied to the hourly operational profile of a 

ship was outlined.  

To address the research questions and objectives as outlined in Chapter 1, 

the project encompassed a review of literature related to the past use of sails with 

particular focus on rigid sails on powered ships (Chapter 2). Other literature related 

to subjects including studies of airfoils, other rigid sail types and CFD analysis 

techniques was reviewed in Chapters 1 - 7. The performance and aerodynamic 

characteristics of the SRS and multiple sails was undertaken in several stages 

(Chapters 3 - 5) followed by analysis of the sail array (Chapter 6). After establishing 
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the sail array as the baseline, estimates of the propulsive power that could be 

provided by the array on a ship under varying conditions was then investigated in 

Chapter 7. Using these estimates, the potential reductions in fuel oil consumption for 

several case studies was determined.   

8.2 Conclusions 

Based on the research and analysis conducted during this project the following 

conclusions have been drawn. 

8.2.1 Advantages & disadvantages of using rigid sails on powered ships 

In Chapter 2 a SWOT analytical framework was used to identify a range of factors 

related to the use of rigid sails including their potential benefits and drawbacks. 

Obvious benefits that could be derived from their use include a reduction in fuel 

consumption and airborne emissions (including PM, SOX, NOX & CO2). On the other 

hand, potential drawbacks include the initial cost of rigid sail systems and their 

variable performance due to varying wind conditions. Of particular significance is that 

since the development of the JAMDA rigid sails were negatively impacted by the 

falling cost of oil, it can be concluded that there is a correlation between the price of 

fuel oil (or alternative marine fuels) and the adoption of rigid sails and similar 

technologies. It also seems reasonable to conclude that since rigid sails and other 

similar technologies are not currently in widespread use, that other factors must exist 

that are preventing their more widespread utilization, with organizational barriers and 

operational issues likely to be key factors. However recent policy changes including 

the global limit on the sulphur content in marine fuels and the International Maritime 

Organization’s (IMO) commitment to decarbonisation, should encourage the uptake 

of rigid sails and other wind-assisted propulsion systems. However at this stage the 

impact of these initiatives over the longer term remains unclear.  

8.2.2 SRS performance & CFD analysis 

The SRS described in Chapter 3 is a relatively simple sail in terms of its aerofoil 

profile. Despite this, its performance in terms of providing propulsive force is 

comparable to more complex aerofoils with the NACA 0012 being the example 

studied during the project. CFD analysis as outlined in Chapter 5 determined that the 

SRS was able to generate significant lift with the optimum AoA being approximately 
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35°. The SRS also performs well as a drag only device at higher angles of attack with 

CD(Max) = 1.38 when AoA = 90°. The drag created by the sail could also theoretically 

be increased by altering its profile and/or dimensions. It was also observed however 

that beyond an AoA of approximately 30° the wake region created by a segment rigid 

sail became significant in terms of area and decelerated air velocity. The SRS also 

has a relatively low coefficient of drag (CD = 0.06) at AoA = 0°, consequently the sail 

could be feathered if required when headwinds were present as an alternative to 

folding or lowering the sail. In this feathered position the sail would produce very little 

drag and would be ready to be rotated into a useable position when wind conditions 

became more favourable. 

8.2.3 Performance of SRS, SRS array and CFD analysis 

In Chapter 4 the airflow around multiple sails in a side-by-side array configuration 

was studied and via the use of a virtual wind tunnel, the airflow disturbances caused 

by sails upwind were observed. Surface pressures on the sails were also observed. 

In other studies of rigid sails surface pressures are not studied, however they are an 

important consideration when designing the sails themselves and understanding the 

airflow interaction between the sails. In Chapter 6 the performance of a sail array in 

terms of the coefficient of propulsive force (Cx) was found to be less than that for an 

individual sail (Chapter 5) and this decrease was due to the airflow interference 

between the sails. Some reduction in the performance of the array could also be 

caused by the hull, superstructure and deck fittings on a ship and this is a topic that 

requires further investigation. It was also observed that the region of decelerated 

airflow behind the sails (wake) was dependent on the area of sail facing the direction 

of airflow and on air velocity. Therefore it can be supposed that airflow interference 

between the sails could be reduced by increasing the distance between sails and/or 

by reducing the sail area facing the wind, by altering the rotational position of the 

sails located upwind in an array. Thus when multiple rigid sails are to be installed on 

a ship, the performance of the entire array requires careful consideration during the 

design process as opposed to simply taking into account the performance of the 

individual sails alone. CFD analysis of the array on the Eco Ship also indicated that 

the superstructure did not significantly interfere with the airflow onto the sails when 

coming from directions within the power zone. For other ship types though and in 
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particular when there is a significant amount of superstructure, fittings or equipment 

near the sails, then CFD analysis of the array on a 3D model of the ship should be 

performed and the locations of the sails adjusted (if possible) to optimize the 

performance of the array. 

8.2.4 Fuel oil consumption reduction 

Past use of sails on powered ships, have demonstrated that two relatively simple 

rigid sails arranged as an inline configuration resulted in fuel consumption savings of 

approximately 30% under favourable conditions (Chapter 2). Based on the research 

conducted during this project it was also found that up to 47% of the main engine 

power (PME) could be supplemented by an SRS array with a total sail area of 1400 

m2 under favourable conditions. Using more realistic voyage profiles developed 

during the project though, it was also estimated that between 1.7% and 7.7% of PME 

could be supplemented by the sail array during voyages where wind conditions and 

the ships speed varied. This rises to almost 19% on a daily basis if conditions were 

more favourable and the ship was operating at a low speed of 5 kn. If it is assumed 

that the magnitude of FOCR is directly proportional to the power from the sail array 

(PSA) then fuel savings of 1.7% to 7.7% could potentially be achieved. As discussed 

in Chapters 6 and 7 it would also be possible to increase the propulsive power of the 

SRS array if the sail directions (and consequently the angles of attack) were 

automatically adjusted to best suit the prevailing wind conditions. However this may 

also increase the side forces created by the array and the rudder angle may require 

adjustment in order for the ship to maintain course. As a result this could offset to 

some extent, the FOCR achieved by the sails due to additional hydrodynamic drag 

created by the rudder and subsequent additional main engine power required to 

compensate for this.   

8.2.5 Eco Ship design for sail-assisted propulsion systems 

The Eco Ship 3D models created for this project allowed for airflow to be studied 

around the vessel with and without the SRS array for the first time. As mentioned in 

Chapter 1, a brief study of the airflow around a typical bulker was conducted and it 

was discovered when the apparent wind was from the rear of the ship that the 

superstructure significantly interfered with the airflow. The Eco Ship however has the 
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wheelhouse and accommodation block located towards the bow and as expected, 

airflow was able to move onto the sail array unobstructed, even when the apparent 

wind was coming from directly astern. A number of cargo and RoRo ships are in 

service today with the accommodation block and wheelhouse located near the bow 

of the ship and therefore it may be feasible for future bulk carriers (and other ship 

types) to also include these design features. 

8.2.6 Wind probability matrix, FOCR model and voyage profiles 

A major challenge encountered during this project was developing a methodology to 

estimate the amount by which fuel oil consumption could be reduced by the SRS 

array using realistic voyage conditions. Wind probability matrices for shipping routes 

could assist with this process but these do not take into account the almost constant 

variability of wind conditions, changes in the ship’s speed over ground (SOG), 

changes in the ship’s course and operational factors including when the sails would 

not be used due to high winds or headwinds. To overcome these limitations a 

methodology was developed in Chapter 7 to estimate the potential power a SRS 

array could provide using varying weather conditions and different voyage profiles. 

This methodology (FOCR model) was also utilized to approximate the cost savings 

that might also be achievable due a reduction in fuel use when the sails could be 

used, and it is proposed that this methodology could be utilized for further studies 

incorporating differing ship types and voyage profiles. In addition this work identified 

that on an hourly basis, significant fluctuations in power provided by a sail array may 

occur as wind conditions change and the impact this may have on main engine fuel 

consumption needs to be explored further. It is also important to note that the wind 

probability matrix outlined in this project would need to be adjusted for ships that 

operate on a specific route or in a specific region and does not represent a set of 

values that can be applied globally. 

8.2.7 Automated control of SRS array 

During all simulations the sail directions or angles of attack for each SRS or all sails 

in the array were manually adjusted either by rotating the sails or by adjusting the 

apparent wind angle. When sails are installed on a ship however, the positions of 

each sail in the array could be automatically adjusted based on the wind direction 

and other possible inputs including ships speed. This automated control system 
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would increase the propulsive power derived from the array since the optimum AoA 

for the sails could be frequently updated to best suit the prevailing wind conditions. 

Thus the automated control of the sails would be a critical factor in terms of their 

effectiveness. Artificial intelligence (AI) may also be useful in adjusting the position of 

the sails based on a combination of factors including wind conditions, sail surface 

pressures, trim of the ship and planned route. An automatic control system for the 

sails would also reduce the workload for the crew and improve safety both for the 

crew and to prevent damage to the ship due the minimization of human errors. It 

would also appear feasible to develop a fully automated rigid sail array control 

system that could be incorporated onto autonomous ships and vessels. 

8.3 Applicability and implications of research findings 

8.3.1 Aquarius Eco Ship project 

Findings from this project will be incorporated into research associated with the 

ongoing Aquarius Eco Ship project being led by Eco Marine Power in Japan. This 

may result in changes to this concept ship design including the re-arrangement of 

the rigid sails and lead to new variations of the design. One variation for example 

could be a RoRo or PCTC vessel with a more rounded bow and accommodation 

block, with further variations likely to emerge as this project continues. The effect of 

rigid sails upon vessel stability will also be studied in detail in consultation with a 

classification society.  

8.3.2 Rigid sail design 

The results from this study project may influence the design of future SRS variations 

and other rigid sail types. For example changes to the sail profile could be made so 

as to decrease the drag of the sail when at AoA = 0° and/or conversely increase drag 

at AoA = 90°. Furthermore the analysis of sail surface pressures will influence the 

design of rigid sails and the materials used to construct them. The power profile as 

outlined in Chapter 3 has for instance, already been used in discussions with a 

classification society as a means of summarizing the key performance 

characteristics of a rigid sail as part of the approval in principle process. 
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8.3.3 Future sail-assisted ship designs 

To best use the power of the wind as a supplementary source of propulsive power, 

the designs of ships that utilize them may need to be adjusted so that airflow onto 

and around the sails is not obstructed by the ship’s superstructure, ship’s equipment  

and also in certain cases, the cargo being transported by the vessel. Large cranes or 

containers loaded onto the deck may for example hinder the airflow onto the sails 

thereby reducing their effectiveness. Also as mentioned in Chapter 2, the sails 

themselves may prevent ships from entering certain ports if they cannot be stored or 

lowered, plus they may also limit the cargo carrying capacity of the ship. Therefore 

future sail-assisted ship designs will need to take these and other factors discussed 

in Chapter 2 into consideration, rather than focus on optimizing ship designs to 

accommodate the largest sails possible. Large sails (I.e. 20 m or higher) will in 

theory provide greater propulsive power than smaller sails, however they are likely to 

cost more and increase the number of design and operational risks particularly those 

related to ship stability.   

8.4 Further areas of study 

8.4.1 Study of other sail arrays 

In this project a side-by-side SRS array was studied. Other SRS array types though 

are possible and sail arrays using other sail profiles could also be created. The CFD 

analysis of these arrays and comparison of their performance could be investigated 

and analysed using the methodologies developed during this project. Variations of 

the Eco Ship 3D computer model could also be used to observe the performance of 

these sail arrays and to determine more precisely how the overall shape of the 

superstructure affects the performance of sails. 

8.4.2 Improved FOCR model and voyage profiles 

It was noted in Chapter 7 that the FOCR model developed during the project has a 

number of limitations. Thus there is scope to improve and refine the method for 

estimating the propulsive power a sail array could provide and the reduction in fuel 

consumption. This could be achieved by gathering wind speed data on-board a ship 

in real time and then using a computer system to calculate the propulsive power a 

rigid sail or rigid sail array would provide. The analysis of this data along with 
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additional CFD simulations would help refine and improve the FOCR modelling 

process. A study focused on comparing the estimated wind conditions along 

shipping routes versus actual wind speed and direction data logged on-board ships, 

may also provide useful insights towards refining the FOCR model and be used to 

create variations of the wind probability matrix. These additional matrices would 

focus on particular regions or shipping routes and thus better reflect the wind 

conditions that would be encountered by ships operating in these areas.  

8.4.3 Study of side forces and rudder angle 

This topic was outside the scope of this project, nonetheless it is an area that 

requires further investigation. This is because the side forces created by an array of 

sails (especially very large sails) could be significant when the apparent wind was 

from directly abeam of the vessel. In Chapter 6 it was estimated that the sail array 

may increase the side forces acting upon the ship by approximately 6% when the 

array is at sail direction 30° or 330°. However if the sails were in the feathered 

position due to a system or human error when the apparent wind direction was from 

abeam of the ship, then the side force created by the array would be higher due to 

the angle of attack of each sail being 90°. This case study would also have 

implications for ship stability.  

8.4.4 Automated sail control system 

As mentioned in 8.2.8 the automatic positioning of the sails in an array will be an 

important factor in determining the overall performance of the array. A study related 

to the type of control system best suited for this purpose and the associated control 

algorithms would be undertaken therefore as part of the design process for a sail- 

assisted propulsion system. These control algorithms could be further refined and 

improved based on the analysis of data collected during sea trials, thereby leading to 

the optimization of individual sail positions for various operational scenarios. 
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Appendix I: List of Ships in Monitoring Fleet (24th May 2018) 

 
Flag Vessel Name IMO No: Vessel Type  Latitude Longitude 

Bahamas BALMORAL 8506294 Passenger 57.26385 11.6387 

Bahamas BLACK WATCH 7108930 Passenger 38.8885 1.9575 

Bahamas BRAEMAR 9000699 Passenger 50.60658 -0.6838334 

Greece BLUE STAR DELOS 9565039 Passenger 37.94696 23.6403 

Greece BLUE HORIZON 8616336 Passenger 36.09767 24.60517 

Canada THUNDER BAY 9601039 Cargo 42.2562 -83.10948 

Canada CSL NIAGARA 7128423 Cargo 42.31608 -80.33921 

Malta NEPTUNE THELISIS 9306718 Cargo 44.33122 37.29637 

Denmark STENA FREIGHTER 9138795 Cargo 35.82103 14.5326 

Cyprus SEATRUCK PACE 9350678 Cargo 53.34679 -6.192633 

Malta NEPTUNE OKEANIS 9306706 Cargo 38.46075 20.06107 

Sweden STENA NAUTICA 8317954 Passenger 56.91719 11.66268 

Canada CSL WELLAND 9665279 Cargo 45.05402 -74.54974 

Bermuda STENA PROGRESS 9390020 Tanker -7.871835 -34.50085 

Singapore POSIDANA 9371086 Cargo -10.97889 -35.31741 

Bermuda 
METHANE PATRICIA 
CAMILA 9425277 Tanker 1.190848 103.6826 

Singapore PROVIDANA 9380788 Cargo -29.43803 -18.17011 

Bermuda METHANE KARI ELIN 9256793 Tanker 4.343803 -25.65204 

Bermuda STENA PARIS 9299123 Tanker -33.96104 169.2514 

Singapore OSHIMANA 9249295 Cargo 22.86465 -22.63623 
United 
Kingdom OPTIMANA 9253856 Cargo 

-
0.3289267 -36.85622 

Singapore PANAMANA 9401805 Cargo 51.84513 2.742277 

Bermuda GASLOG SYDNEY 9626273 Tanker 1.315378 104.0755 

Singapore PELICANA 9401790 Cargo 31.40829 121.5423 

Marshall Is STAR LAURA 9328936 Cargo -30.96211 -10.59421 

Marshall Is STAR VEGA 9520895 Cargo 2.595113 143.1005 

Marshall Is STAR IRIS 9284910 Cargo 38.8946 118.0981 
United 
Kingdom OSAKANA 9253870 Cargo 51.2566 4.235862 

Marshall Is STRANGE ATTRACTOR 9303065 Cargo -0.2584 117.6023 

Marshall Is STAR KAMILA 9285043 Cargo -25.07011 -45.00763 
United 
Kingdom OKIANA 9253868 Cargo 30.41242 -81.29929 

Marshall Is STAR EPSILON 9216822 Cargo 9.520917 -13.71377 

Marshall Is STAR MARTHA 9564097 Cargo 26.15493 123.1612 

Marshall Is STAR SOPHIA 9361201 Cargo 46.22863 -123.7416 

Panama BULK CHILE 9407536 Cargo 25.81417 51.79031 

Marshall Is STAR MARIA 9401489 Cargo 17.52971 83.44404 

Marshall Is ALEGRE III 9369980 Cargo 22.73262 69.70917 

Marshall Is STAR AQUARIUS 9715828 Cargo 7.897072 103.386 

Bermuda GASLOG GREECE 9687019 Tanker 24.579 -122.699 

Marshall Is STAR EMILY 9284908 Cargo -32.66142 30.18637 



Page 208 

Bermuda GASLOG GLASGOW 9687021 Tanker 27.94883 -92.65038 

Panama BULK PATAGONIA 9503184 Cargo -34.91942 19.62528 

Marshall Is STAR CHALLENGER 9632997 Cargo 30.37476 -20.84873 

Marshall Is BELGRANO 9708992 Cargo 13.07532 100.8811 

Panama KAGARA 9639684 Cargo -23.8638 151.592 

Marshall Is LEVIATHAN 9702546 Cargo 37.88889 134.3139 

Cyprus STAR VIRGO 9731432 Cargo 33.19851 134.6659 

Marshall Is NORD GEMINI 9746712 Cargo 43.70715 -7.358565 
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Appendix II: CFD Test Report for 4 m x 2.5 m SRS 

Summary 

SRS 4 X 2.5 AOA 10 

20161018 
GA Design (IPT) 
Prepared by:  Greg Atkinson 
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Description 

 

SRS 4 x 2.5m Angle of Attack 010 AoA 10 

Length units meter 

Coordinate system Cartesian 3D 

 

Scenario 1 

Materials  

 
NAME ASSIGNED TO PROPERTIES 

Aluminum SRS 4.0 x 2.5m 
201608308 AoA 101.ipt 
 

X-Direction 204.0 W/m-K 

Y-Direction Same as X-dir. 

Z-Direction Same as X-dir. 

Density 2707.0 kg/m3 

Specific heat 896.0 J/kg-K 

Emissivity 0.2  

Transmissivity 0.0  

Electrical 

resistivity 

2.7e-08 ohm-m 

Wall roughness 0.0 meter 
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Air CFDCreatedVolume 
 

Density Equation of State 

Viscosity 1.817e-05 Pa-s 

Conductivity 0.02563 W/m-K 

Specific heat 1004.0 J/kg-K 

Compressibility 1.4  

Emissivity 1.0  

Wall roughness 0.0 meter 

Phase Vapor Pressure 
 

 

Boundary conditions  

TYPE ASSIGNED TO 

Slip/Symmetry (Top, Sides) Surface:6 
Surface:8 
Surface:10 
 

Pressure(0 Pa Gage) (Exit) Surface:7 
 

Velocity Normal(10 m/s) (Entry) Surface:9 
 

 

Mesh 

 

Automatic Meshing Settings 

Surface refinement 1 

Gap refinement 0 

Resolution factor 1.0 

Edge growth rate 1.1 

Minimum points on edge 2 

Points on longest edge 10 

Surface limiting aspect ratio 20 

Surface growth rate 1.2 

Enhancement growth rate 1.1 

Mesh Enhancement Settings 

Mesh enhancement 1 

Enhancement blending 1 

Number of layers 15 

Layer factor 0.84 

Layer gradation 1.25 
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Meshed Model 

 

 

Number of Nodes 150260 

Number of Elements 571588 

 

Physics 

Flow On 

Compressibility Incompressible 

Heat Transfer Off 

Auto Forced Convection Off 

Gravity Components 0.0, 0.0, 0.0 

Radiation Off 

Scalar No scalar 

Turbulence On 

 

Solver Settings 

Solution mode Steady State 

Solver computer MyComputer 

Intelligent solution control On 

Advection scheme ADV 1 

Turbulence model SST k-omega 
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Convergence 

Iterations run 522 

Solve time 3922 seconds 

Solver version 16.0.20150322 

 

Results 

 
 

Inlets and Outlets 

  

inlet 1 inlet bulk pressure 0.926588  N/m^2 

inlet bulk 

temperature 

0.0  C 

inlet mach number 0.0299425   

mass flow in 2600.3  kg/s 

minimum x,y,z of 

opening 

0.0   

node near 

minimum x,y,z of 

opening 

5.0   

reynolds number 9737380.0   

surface id 9.0   

total mass flow in 2600.3  kg/s 

total vol. flow in 2159.51  m^3/s 

volume flow in 2159.51  m^3/s 
 

outlet 1 mass flow out -2600.43  kg/s 

minimum x,y,z of 

opening 

0.0   

node near 

minimum x,y,z of 

opening 

6.0   

outlet bulk 

pressure 

-0.0  N/m^2 

outlet bulk 

temperature 

-0.0  C 

outlet mach 

number 

0.0260811   

reynolds number 9737850.0   

surface id 7.0   
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total mass flow out -2600.43  kg/s 

total vol. flow out -2159.61  m^3/s 

volume flow out -2159.61  m^3/s 
 

 

Field Variable Results 

VARIABLE MAX MIN 

cond 204.0  W/m-K 0.02563  W/m-K 

dens 2707.0  kg/m^3 1.20412  kg/m^3 

econd 85.0122  W/m-K 0.0  W/m-K 

emiss 1.0   0.0   

evisc 0.0932874  kg/m-s 0.0  kg/m-s 

gent 3122.08  1/s 0.000335244  1/s 

press 44.5976  N/m^2 -128.596  N/m^2 

ptotl 114.102  N/m^2 -128.596  N/m^2 

scal1 0.0   0.0   

seebeck 0.0  V/K 0.0  V/K 

shgc 0.0   0.0   

spech 1004.0  J/kg-K 896.0  J/kg-K 

temp 0.0  C 0.0  C 

transmiss 0.0   0.0   

turbd 8230.28  m^2/s^3 0.00421769  m^2/s^3 

turbk 9.63988  m^2/s^2 0.0  m^2/s^2 

ufactor 0.0   0.0   

visc 1.817e-05  kg/m-s 0.0  kg/m-s 

vx vel 13.8452  m/s -4.61003  m/s 

vy vel 10.4394  m/s -7.46135  m/s 

vz vel 8.83074  m/s -8.05211  m/s 

wrough 0.0  m 0.0  m 

Component Thermal Summary 

PART MINIMUM 

TEMPERATURE 

MAXIMUM 

TEMPERATURE 

VOLUME AVERAGED 

TEMPERATURE 

SRS 4.0 x 2.5m 
201608308 AoA 
101.ipt 

0 0 0 

CFDCreatedVolume 0 0 0 

 

Fluid Forces on Walls 

pressx 86.053  Newtons 

pressy 427.91  Newtons 

pressz -341.18  Newtons 

shearx 191.47  Newtons 
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sheary 5.7129  Newtons 

shearz 0.029424  Newtons 

  

Summary Images 

 

Image 01 

Mesh Top View and Convergence Plot 

 

Notes: 

 

1. Mesh around sail was tightened using a region box.  

2. Region box dimensions: x 14 m. y 4 m. z 5 m. 

3. The mesh was also enhanced on the leading and trailing edges. 

4. Volume adjustment was set to 1.0. Surface refinement set. 

5. Auto convergence setting used. Solution control set to “tight”. 
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Image 02 

Sail Position in Virtual Wind Tunnel 

 

Notes: 

 

1. Wind tunnel dimensions: x 70 m. y 12.5 m. z 18 m. 

2. Sail was set 2 m above the bottom of the tunnel to simulate the mast height. 

3. No mast was used. This was because mast types will vary and also to allow 

comparisons to be made to NACA airfoils and other sail shapes. 
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Image 03 

Boundary Conditions 

 

Notes: 

 

1. Wind direction from left to right. 

2. Bottom boundary is a no-slip wall. 

3. Velocity set to 10 m/s. 

4. Pressure at exit set to 0. 
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Image 04 

Solution Control Settings 

 

 

Image 05 

Final Mesh Region Box Mesh Adjustments 
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Appendix III: Summary of Grid Convergence Assessment for Autodesk 

CFD Simulation 

 

Simulation: Segment Rigid Sail. 4 m x 2.5 m. Aspect Ratio 1.6.  

Angle of attack 50°. Air velocity 10 m/s. 

References: ITTC – Recommended Procedures and Guidelines 7.5-03-01-01 [66]. 

  Autodesk CFD Simulation Best Practices [49]. 

 

Mesh Set-up and Sizing 

The Autodesk CFD automatic mesh sizing function was used to set up the mesh and 

enhanced via the use of a region box, edge adjustment and surface refinement. 

During the mesh setting process a model geometry check was also performed. An 

example of a geometry check is shown in Figure AIII.1. 

 

Figure AIII.1. View of Autodesk geometry diagnostic tool during mesh set-up. 

Once the initial mesh settings were established a simulation was then conducted and 

run until stopped by the automatic convergence assessment process. The mesh was 

then refined by adjusting using the volume adjustment function and another 

simulation was conducted. This process increased the number of elements in the 



Page 220 

mesh. In total 5 simulations were conducted until the results varied by less than 5%. 

The mesh for the final simulation is shown in Figure AIII.2. 

 

Figure AIII.2. View of Autodesk CFD simulation set-up during mesh checking. 

The number of elements, the average element size and values for force in the x 

direction (FX) for each of the five simulations are shown in Table AIII.1 and Figure 

AIII.3. 

 Table AIII.1. Summary of test cases and results. 

Elements 187000 448000 567000 646000 869000 

Test Case 187k 448k 567k 646k 869k 

Avg Element Size 0.084 0.035 0.028 0.024 0.018 

FX(N) 492 595 580 586 581 

 

 

Figure AIII.3. Plotted values of FX versus total elements in mesh. 
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Calculation of refinement ratio  

The average refinement ratio ( 𝑟�̅� ) was calculated using the results from 3 

simulations and the associated meshes designated Coarse, Medium and Fine as 

shown as shown in Table AIII.2 The figures for FX  for each of these was then used to 

determine the average refinement ratio. The average refinement ratio was used due 

to the complex mesh structure resulting from the use of refinement regions and 

advanced meshing techniques. 

Table AIII.2. Summary of test cases and results. 

 
Average Element Size FX (N) S 

Coarse 0.084225 492 i,3 

 
0.035156 595 

 
Medium 0.027778 580 i,2 

 
0.024381 586 

 
Fine 0.018124 581 i,1 

 

𝑟𝑖,1 =  ∆𝑥𝑖,3/∆𝑥𝑖,2      (AIII.1) 

𝑟𝑖,2 =  ∆𝑥𝑖,2/∆𝑥𝑖,1      (AIII.2) 

𝑟�̅� =  𝑟𝑖,1 + 𝑟𝑖,2 ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅       (AIII.3) 

 

Average refinement ratio ( 𝑟�̅� ) = 2.282356714. 

 

Calculation of convergence ratio 

Using the formulae below and the data from the 3 simulations the convergence ratio 

( 𝑅𝑖  ) was calculated as follows: 

휀𝑖,21 =  𝑆𝑖,2 − 𝑆𝑖,1     (AIII.4) 

휀𝑖,32 =  𝑆𝑖,3 − 𝑆𝑖,2     (AIII.5) 

εI,21 = - 1  

εI,32 = - 8 

𝑅𝑖 =  휀𝑖,21/휀𝑖,32      (AIII.6) 

Convergence ratio (𝑅𝑖 ) = 0.011363636. 
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Richardson Extrapolation (RE) 

Grid convergence analysis was performed by using the Richardson extrapolation 

method as follows: 

𝑝𝑖 =
ln(𝜀_(𝑖,32)/𝜀_(𝑖,21) )

ln(𝑟�̅�)
     (AIII.7) 

𝛿𝑅𝐸𝑖,1
=

𝜀𝑖,21

𝑟𝑖𝑝𝑖−1
     (AIII.8) 

𝑝𝑖 = 5.425703338 

𝛿𝑅𝐸𝑖,1
= 6.666666667 

As per section 4.2 of the ITTC guidelines [66] for a converged condition (i) 

generalized RE is used to estimate the error 𝛿𝑖 due to the selection of the ith input 

parameter and 𝑝𝑖. 

 

Grid independent solution  

The grid independent solution (T) indicates the solution value that is independent of 

the mesh resolution. This is also referred to as the mesh independent solution. This 

is calculated using: 

T = 𝑆𝑖,1+ 𝛿𝑅𝐸𝑖,1
   (AIII.9) 

For the grid utilised for the analysis of the SRS at AoA = 50° the grid independent 

solution was calculated as being 587.6666667. 

 

Simulation error  

Finally the simulation uncertainty ( 𝛿𝑠) was calculated using: 

𝛿𝑇 =  𝑆 −  𝑇     (AIII.10) 

 

where S is the simulation result and T is the truth or grid independent value. The 

results for each simulation are shown below in Table AIII.3. 
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Table AIII.3. Summary of average element sizes versus solution errors for during 

SRS mesh convergence study. 

Solution S Avg Element Size FX Error Error 𝜹 

i,3 0.084225 492 95.66666667 16.28% 

i,2 0.027778 580 7.666666667 1.30% 

i,1 0.018124 581 6.666666667 1.13% 

 

Based on the analysis as outlined in this Appendix, it can be stated that the 

simulation error is estimated to be less than 2%. A plot of the average element size 

versus the simulation error percentage is shown in Figure AIII.4. 

 

Figure AIII.4. Scatter x-y plot of average element size versus simulation uncertainty 

determined via Richardson Extrapolation (RE) for segment rigid sail. 
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Appendix IV: Vessel Itinerary for MV Leviathan 

 

Time (UTC) Event Area Port Speed Course Latitude Longitude Course

15/07/2017 3:16 Noon position Philippines 13 140 13.60 119.97 140

15/07/2017 2:37 In Range Philippines 13.5 140 13.71 119.87 140

14/07/2017 18:47 In Range Philippines 9.3 169 14.89 119.67 169

14/07/2017 13:55 Midnight position Philippines 9.5 183 15.65 119.60 183

14/07/2017 10:24 In Range Philippines 8.8 178 16.18 119.59 178

12/07/2017 15:43 Midnight position South China 10.4 182 22.95 122.18 182

12/07/2017 3:01 Noon position East China Sea 8.4 191 25.04 122.87 191

11/07/2017 20:28 In Range East China Sea 10.9 198 25.92 123.16 198

11/07/2017 3:52 Noon position East China Sea 8.8 187 28.64 123.75 187

11/07/2017 0:51 In Range East China Sea 10.8 182 29.08 123.78 182

10/07/2017 13:46 Midnight position East China Sea 8.6 181 30.75 123.89 181

10/07/2017 9:06 In Range East China Sea 10.6 175 31.51 123.88 175

9/07/2017 23:45 In Range East China Sea 9.6 182 32.84 123.77 182

8/07/2017 16:46 In Range Yellow Sea 11.4 116 37.74 123.08 116

8/07/2017 14:44 Midnight position Yellow Sea 10.9 117 37.91 122.64 117

8/07/2017 9:00 In Range Yellow Sea 10.5 114 38.31 121.52 114

8/07/2017 5:10 In Range Yellow Sea 9.1 112 38.58 120.82 112

8/07/2017 1:00 In Range Yellow Sea 10.4 95 38.68 119.98 95

7/07/2017 16:03 Departure TIANJIN

7/07/2017 16:01 Midnight position Yellow Sea 12.1 101 38.96 117.88 101

7/07/2017 7:34 In Range Yellow Sea 0.3 181 38.97 117.79 181

7/07/2017 2:38 Noon position Yellow Sea 324 38.97 117.79 324

6/07/2017 22:35 In Range Yellow Sea 208 38.97 117.79 208

6/07/2017 17:33 In Range Yellow Sea 0.1 192 38.97 117.79 192

6/07/2017 13:10 Midnight position Yellow Sea 211 38.97 117.79 211

6/07/2017 3:58 Noon position Yellow Sea 266 38.97 117.79 266

6/07/2017 0:56 In Range Yellow Sea 306 38.97 117.79 306

5/07/2017 16:01 Midnight position Yellow Sea 5.8 280 38.96 117.84 280

5/07/2017 15:44 Arrival TIANJIN

5/07/2017 12:07 In Range Yellow Sea 13.1 278 38.82 118.66 278

5/07/2017 2:55 Noon position Yellow Sea 14.1 289 38.51 121.13 289

4/07/2017 16:01 Midnight position Yellow Sea 13.1 351 37.10 123.35 351

4/07/2017 14:20 In Range Yellow Sea 12.8 350 36.74 123.43 350

2/07/2017 22:56 In Range East China Sea 13 5 28.59 123.77 5

2/07/2017 4:02 Noon position East China Sea 14.9 13 24.57 122.70 13

1/07/2017 16:02 Midnight position South China 14 38 22.22 121.44 38

1/07/2017 15:33 Crossed Strait or PassageSouth China 14.5 50 22.14 121.36 50

1/07/2017 14:49 In Range South China 14.6 40 22.01 121.23 40

26/06/2017 5:56 Departure SINGAPORE ANCH

26/06/2017 3:57 Noon position Singapore Area 0.2 211 1.29 104.06 211

25/06/2017 16:00 Midnight position Singapore Area 0.2 84 1.30 104.06 84

25/06/2017 3:54 Noon position Singapore Area 0.1 171 1.29 104.06 171

24/06/2017 23:13 Arrival SINGAPORE ANCH

24/06/2017 20:03 Crossed Strait or PassageSingapore Area 9 64 1.19 103.84 64

24/06/2017 17:01 Midnight position Singapore Area 11.3 120 1.19 103.42 120

24/06/2017 15:26 In Range Malacca Strait 11.4 126 1.38 103.18 126

24/06/2017 3:48 Noon position Malacca Strait 9.8 128 2.51 101.48 128

23/06/2017 23:48 In Range Malacca Strait 10.7 115 2.85 100.87 115

23/06/2017 17:11 In Range Malacca Strait 11.6 131 3.72 99.96 131

23/06/2017 3:56 Noon position Malacca Strait 11.4 125 5.04 98.09 125

23/06/2017 1:42 In Range Andaman Sea 11 125 5.29 97.74 125

22/06/2017 14:10 Midnight position Andaman Sea 10.8 109 5.90 95.86 109

22/06/2017 8:20 In Range Andaman Sea 11.2 54 6.04 94.88 54
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Appendix V: Examples of Wind Conditions near Monitoring Fleet 

 

 

Figure AV.1. Ships in monitoring fleet in the Aegean Sea. May 2015. 

 

Figure AV.2. MV Posidana moving past the coast of Portugal. October 2016.  
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Figure AV.3. MV Star Iris avoiding high winds. March 2017. 

 

Figure AV.4. MV CSL Niagara moving though the Great Lakes. August 2018. 

Source for data and images: MarineTraffic.com 




