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ABSTRACT: 

The shipping industry is increasingly considering the issues 
of "green shipping" and "zero-emission shipping", which are 
closely related to reducing the consumption of fossil fuels to 
mitigate its environmental impact. In this way, the use of 
renewable energies is increasingly perceived as part of the 
energy mix, with the use of rigid sails (wind energy) being 
one of the tested alternatives as auxiliary propulsion 
systems. This work studied the fluid-mechanical 
optimization of the airfoil that defines the cross section 
geometry of the rigid sail. A methodology was developed to 
obtain the aerodynamic coefficients of the rigid sail for any 
position of the sail with respect to the wind depending on the 
tested airfoil. Once the aerodynamic coefficients were 
modeled for several angles of attack, the thrust and 
overturning components generated by the sail force on the 
boat were computed from before and after airfoil stalling 
predictive models of the aerodynamic coefficients. From the 
obtained results, the following two main conclusions can be 
stated. i) The use of the sail in post-stall conditions for 
higher angles of incidence (from approximately 90°) 
substantially improved the thrust generated on the boat. For 
the case of small incidence angles, it is recommended to set 
the sail at an angle of attack less than the airfoil stall. ii) 
Within the symmetrical four-digit NACA series, the 
symmetrical NACA 0015 airfoil turned out to be the best 
choice for geometrically defining the rigid sail cross section, 
as it provided the highest possible thrust while minimizing 
the overturning force. 
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1. INTRODUCTION 
Maritime transport is, by far, the most cost-effective way to move goods around the world. However, maritime transport also emits 
around 940 million tons of CO2 annually, being responsible for about 2.5% of global greenhouse gas (GHG) emissions [1]. In this 
sense, the shipping industry is increasingly considering the issues of "green shipping" and "zero-emissions shipping", which are 
closely related to reducing the consumption of fossil fuels to mitigate its environmental impact. This is the strategy outlined by the 
European Union through a recent plan to reduce shipping related GHG emissions [2]. 

Throughout the history of maritime navigation, vessels have been modifying their propulsion methods with the arrival of new 
technologies that allowed them to be bigger and faster, now focusing on guaranteeing the environmental sustainability of vessels by 
reducing, and even eliminating, the emission of GHG that contribute to global warming [3]. In particular, the use of renewable 
energies is increasingly perceived as part of the energy mix, with the use of rigid sails (wind energy) being one of the most tested 
alternatives as auxiliary propulsion systems [4]. 

Based on the need to reduce both fossil fuel consumption and atmospheric emissions across the shipping sector, several 
technologies have been developed or are currently in the development phase. Rigid sails is one of those technologies, being 
extensively researched and tested in the 1980s.There has now been a resurgence of interest in this technology that clearly aligns 
with green shipping [4]. In this regards, the reader can find a review of various wind propulsion technologies available in the market 
in [5], most of them using the same principle as sailing to produce thrust.  

But what lies behind rigid sail propulsion technology? As we commented above, rigid sail, usually made of carbon fibers or metal, is 
a variation of conventional soft sail inspired by airplane wings design (thin airfoil theory; e.g. [7]). The advantage of rigid sails over 
traditional sails stems from its variable camber aerodynamic shape (airfoil shape), thus providing more lift and a higher lift to drag 
ratio than traditional soft sails [8]. Contrary to aircraft, the objective of a good rigid sail profile installed on a boat is to improve its 
aerodynamic performance by maximizing the combination of lift and drag forces in the forward direction of the vessel in order to 
maximize thrust (Figure 1). Note that for a certain angle of attack (AOA), that is the angle formed by the chord of the airfoil and the 
direction of the relative wind (Figure 2), the airfoil geometry causes a difference in air velocity around it, thus resulting in a 
combination of higher and lower pressure around the airfoil that generates the lift.  

 

 

 

 

Figure 1: Apparent wind, ship speed, thrust, and main wind-derived forces acting on a rigid sail [6]  
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Figure 2: Graphical representation (cross section) of angle of attack for a certain airfoil  

 
The fundamental difference between the different rigid sails is the profile they present, the most common being the use of 
symmetrical airfoils from the aeronautical industry. The use of symmetric airfoils is due to their stability against sudden changes in 
wind direction, unlike non-symmetric airfoils. In other words, in this type of profiles a change in the direction of the wind does not 
generate a sudden variation in the force generated that could destabilize the boat. However, this stability is gained at the cost of 
losing thrust in the boat. 

After this brief introduction, it is time to set the objectives of this work. It aims to study the fluid-mechanical optimization of the airfoil 
that defines the geometry of a rigid sail. For this, a study of different existing symmetrical airfoils (symmetrical four-digit NACA series; 
http://airfoiltools.com/) and the involved aerodynamic principles was carried out. In addition, the behavior of the wind in navigation 
was also analyzed. Once determined the airfoils to be studied and the wind conditions that act on the sail, a methodology was 
developed to obtain the aerodynamic coefficients of the rigid sail for any position of the sail with respect to the wind. 

 

2. MATERIALS AND METHODS 
 
2.1 AIRFOILS SELECTED 
The family of airfoils selected to carry out the study was the symmetric four-digit NACA series (http://airfoiltools.com/). This series 
presents a geometry that is easy to trace based on the so-called thickness parameter. The use of these profiles in aviation is carried 
out with relatively small thicknesses (around 12% thickness with respect to the chord) to achieve good lift values. If the thickness of 
the profile take values above 30%, approximately, it will present high drag values and lower lift values than profiles with less 
thickness. If, on the other hand, the thickness of the airfoil is reduced below 8%, the lift value also decreases, approaching that of a 
flat plate. In either of these two cases, the airfoil would lack of interest to be used in rigid sails. It should be noted that although the 
combination of lift and drag forces are responsible for the thrust in rigid sails, it is also true that the lift component will present a 
greater relevance in most of the possible angles of incidence of the wind. 

 

 
 

Figure 3: Plots of the different NACA airfoils tested in this work  
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Therefore, the NACA profiles to be selected should fall within this interval of thickness parameter. In addition, two more airfoils were 
tested. The first one was NACA 0015, recommended in a study undertaken by the University of Southampton [9]. The second one 
was NACA 0025, proposed by the Spanish company Bound4Blue [10]. The plots of all the airfoils tested in this study are shown in 
Figure 3.  

 

2.2 INITIAL CONDITIONS 

A rigid sail, contrarily to an airfoil for aviation, must adapt the angle of attack according to the angle of incidence of the apparent wind 
at any moment in order to maximize the thrust force at that particular time. Therefore, it would not make sense to analyze only the 
angles of attack up to the stall point, since the predominant aerodynamic force in that range would be the lift force. That is why it is 
necessary to study the rigid sail beyond that angle, where the contribution of the drag force becomes greater and greater until it 
reaches its maximum at 90°. Furthermore, it should be considered that the rigid sail is symmetrical and, consequently, the behavior 
of the airfoil for positive and negative angles of attack is the same. This fact makes it possible to reduce the range of angles to be 
studied. Considering these two phenomena, the study range set for angles of attack varies from 0° to 90°. 

On the other hand, if we analyze the climatic working conditions, the apparent wind speed has to be taken into account. In order to 
determine the apparent wind speed, it is necessary to compute the true wind speed as well as the speed of the vessel. 

For the determination of the true wind, the Beaufort scale can be used. This shows that the most favorable condition for the rigid sail 
without incurring storm consequences is to work at level 5, which means working with a wind speed between 8 and 10.7 m/s. In 
order to carry out this study, it was decided to work on the safe side by stablishing a wind speed of 8 m/s. 

Regarding the speed of the vessel, and trying to develop an airfoil applicable to all types of vessels, this speed was considered 
sufficiently small enough to rule it out. Therefore, the relative wind speed used in this study will correspond to the true wind speed as 
defined above. 

In addition to the wind speed, a kinematic wind viscosity of 1.51∙10-5 m2⁄s, a wind density of 1.225 kg/m3 and a unit value chord will 
be considered. 

 

2.3 METHODOLOGY PROPOSED TO OBTAIN THE AERODYNAMIC COEFFICIENTS 

The aerodynamic forces developed by a given airfoil depend on its geometry, density, air speed and dimensionless coefficients that 
depend on the angle of attack at each instant of time. In consequence, the aerodynamic lift and drag forces can be defined 
mathematically as shown in equations 1 and 2. 

 
 

 
(1) 

   

 

 
(2) 

 
Where A is the area projected in a plane perpendicular to the direction of flow. However, in the case of thin bodies, as it occurs in 
aeronautics, the plan area or wing area is used. CL and CD are the dimensionless aerodynamic coefficients for lift and drag, while 
the term 1/2∙ρ∙V2 corresponds to the dynamic pressure. 

In order to calculate the forces developed by the airfoil, once the rest of the variables are known, it is necessary to compute the value 
of their coefficients for each one of the angles of attack that we are interested in. That means that it is necessary to calculate the 
values of the coefficients before and after the stall, as indicated in section 2.2. 

For the calculation of these coefficients, it is proposed to divide the problem into two blocks: i) before stall aerodynamic coefficients 
and ii) after stall aerodynamic coefficients.  

In this sense, the aerodynamic drag and lift coefficients prior to the airfoil stalling were obtained using the XFLR5 computational fluid 
dynamics (CFD) software. Since a discrete number of data was obtained depending on the chosen step, the data was fitted to a third 
degree polynomial function.  

On the other hand, and due to the fact that CFD software does not properly provide the coefficients beyond the stall point, the use of 
experimental models instead is proposed in this methodology. The two experimental fluid-mechanical models evaluated in this paper 
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were the Viterna model [11] and the Aerodas model [12]. These models were originally devised to estimate the power output of large 
horizontal axis wind turbines working under low speed conditions and high angles of attack. 

From combining these two models, it is possible to simulate the behavior of the airfoil for a wide range of angles of attack (i.e., before 
and after stall angles). 

 

2.4 METHODOLOGY PROPOSED TO OBTAIN THE THRUST AND OVERTURNING COEFFICIENTS 

Once the aerodynamic coefficients have been obtained, it is essential to know the component that favors the movement of the 
vessel and the component that produces an overturning moment in it. Rigid sails can be oriented in two different ways. First, the 
angle formed between the chord of the rigid sail and the longitudinal axis of the boat (β) is less than the angle formed between the 
apparent wind direction and the boat's direction of travel (γ) (Figure 4, left). Second, the rigid sail chord angle is greater than the 
angle of incidence of the apparent wind direction (Figure 4, right).  

Note that positioning the sail so that the angle of incidence of the apparent wind is closer to the longitudinal axis of the boat than the 
angle of the sail would not allow forces to be generated in the forward direction of the boat if the angle of incidence of the wind is less 
than 90°. If, on the other hand, the angle of incidence were greater than 90°, only the drag force would contribute to the forward 
thrust of the boat. Moreover, in the case of placing the sail closer to the longitudinal axis of the boat than the angle of incidence of 
the wind, the longitudinal component of the vessel's lift force would allow the vessel to be propelled for angles of incidence of the 
wind up to 90°. Finally, if the wind were blowing from the stern of the ship, both forces would contribute to the ship's propulsion. 

  

 

 

 

Figure 4: Different windward orientations of the rigid sail  

 

From this simple analysis, we can deduce that, to correctly use a rigid sail, it is necessary to always position the sail at an angle less 
than the angle of incidence of the apparent wind with respect to the direction of movement of the boat. In this regards, decomposing 
the forces generated in the sail under this orientation, the thrust force, Fx, and the overturning force, Fy, can be obtained as shown in 
equations 3 and 4. 

 
 

 

(3) 

   
 

 

(4) 

 
Where FL and FD refers to the lift and drag forces defined in equations 1 and 2, respectively. If the thrust and overturning forces are 
defined in the same way as the lift and drag forces, all the variables relating to the rigid sail geometry and wind conditions can be 
simplified. Therefore, equations 3 and 4 can be expressed in terms of dimensionless coefficients Cx and Cy (for thrust and 
overturning forces, respectively) as follows: 

 
 

 

(5) 

   
 

 

(6) 

 
In this way, the aerodynamic coefficients for the thrust of a vessel can be obtained independently of the fluid conditions and the 
geometry of the driving rigid sail. Therefore, once the lift and drag coefficients are computed for a given airfoil, the coefficients of the 

http://www.revistadyna.com/
mailto:dyna@revistadyna.com
https://doi.org/10.603610630


 
 

DESIGN AND OPTIMIZATION OF RIGID SAILS TO REDUCE SHIPPING 
RELATED GREENHOUSE GAS EMISSIONS 

Computer science  

RESEARCH ARTICLE Carlos Reca, Fernando J. Aguilar, Antonio Giménez, Manuel A. Aguilar 1203.26 Simulation 

 

   

 Publicaciones DYNA SL  --  c) Mazarredo nº69 - 2º  -- 48009-BILBAO (SPAIN) 
Tel +34 944 237 566 – www.revistadyna.com - email: dyna@revistadyna.com 

Pag. 6 / 15 

ISSN: 0012-7361 eISSN: 1989-1490 / DYNA Vol.98 n.1  DOI: https://doi.org/10.603610630  
 

 

characteristic thrust and overturning forces for that airfoil could be calculated and, subsequently, the positioning of the sail that best 
satisfy the thrust requirements can be deduced. 

To calculate the maximum value of the thrust coefficient and its associated overturning coefficient, a MATLAB program was 
developed to, through an iterative process, calculate the angle of attack required to maximize the value of the thrust coefficient for 
each angle of incidence of the apparent wind. It used the third degree polynomial model fitted to XFLR5 software outputs, in the case 
of before stall angles of attack or the experimental model for after stall angles of attack. In other words, the program analyses for 
each angle of incidence the position in which the rigid sail should be placed in order to propel the vessel as effectively as possible. 

Once all the angles of incidence have been analyzed, the program stores the triad of data (angle of attack, thrust coefficient and 
overturning coefficient) for all the angles of incidence studied. The iterative operation of the program for the calculation of the output 
triad can be appreciated in Figure 5. 

 
 

 

 

 
) 

 
      

 

 

 

 

 

 

 

 

 

 
 

Figure 5: Pseudocode fragment of the program for calculating the thrust and overturning coefficients  

 

2.5 BRIEF SUMMARY OF THE PROPOSED METHODOLOGY 

The methodology proposed in the previous sections is summarised in Figure 6. As can be observed, the first step is to select the 
airfoil and its aerodynamic working conditions (air density and air speed). From this information, the pre-stall aerodynamic drag and 
lift coefficients are calculated by using XFLR5, a CFD software specifically devised to be used in the aeronautics field. This software 
generates a series of discrete data, which are later fitted to a third degree polynomial model, thus obtaining the pre-stall model of the 
airfoil under analysis.  

Regarding the post-stall aerodynamic coefficients, two experimental models (Viterna or Aerodas) are tested to compute the lift and 
drag coefficients of the airfoil. It is worth noting that the use of the Aerodas model requires knowledge of some values of the pre-stall 
coefficients, unlike the Viterna model. That is the reason why it is indicated by an arrow with a dashed line in Figure 6. Once the 
models of the aerodynamic lift and drag coefficients before and after stall have been obtained, an iterative approach is applied to 
determine the angle of attack that maximizes the value of the thrust coefficient for each angle of incidence of the wind. In this way, 
the values of the thrust and overturning coefficients are computed for each angle of incidence of the relative wind. 
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Figure 6: Schematic diagram of the methodology to obtain the thrust and overturning coefficients 

 

 

3. STUDY CASE 

3.1. CHARACTERISTICS OF THE STUDIED MARITIME ROUTE 
In order to analyze the performance of a geometrically defined rigid sail with the optimum airfoil, one of the cases proposed by the 
company Bound4Blue on its website was used. The case chosen is that of an oil tanker covering a maritime route between 
Rotterdam and New Orleans [13]. The oil tanker and maritime route characteristics are listed in Tables I and II, respectively. 

 

Characteristic Value 

Length 157 m 

Beam 23.5 m 

Draft 9.6 m 

Deadweight 19350 t 

Engine power at maximum 
load 

5110 kW 

Service speed 13 kt (6.7m/s) 

 

Table I: Oil tanker characteristics 
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Characteristic Value 

Maritime route Rotterdam - New Orleans 

Distance 4726 NM (8758 km) 

Travel time 15 days 

Fuel consumption per trip 210.2 t 

 

Table II: Maritime route characteristics 

 

3.2. COMPUTATION OF RIGID SAIL PERFORMANCE 
The performance of the rigid sail depends on the generated thrust force. The greater the thrust force, the greater the work generated 
by the wind and, therefore, the less fossil fuel consumption. Thus, in order to calculate the rigid sail performance it is necessary to 
know, firstly, the work that the rigid sail is capable of developing and, secondly, the work that the boat engine assumes under normal 
conditions. The relationship between the two workloads determines the performance of a particular rigid sail. 

The work that a sail is capable of exerting over a given distance will be the product of the thrust force multiplied by the distance of 
the maritime route (droute in equation 7). Remember that for the same environmental conditions, the thrust force depends only on the 
area of the rigid sail selected and the thrust coefficient that the airfoil of the rigid sail is capable of developing. Therefore, the thrust 
coefficient selected must be the one corresponding to the most probable angle of incidence of the wind for a given sea route. 

 
 

 

(7) 

 
The work developed by the engine depends on the mass of fuel consumed together with its calorific value multiplied by the overall 
efficiency of the engine. In addition to this, the energy losses that occur in the transmission system and, subsequently, in the 
propeller must be taken into account. The product of all these variables indicates the actual work performed by the conventional 
propulsion system for a particular maritime route (equation 8). 

 
 

 

(8) 

 
Where mc is the mass of fuel consumed on a given route, H is the calorific value of the fuel, ηm is the overall engine efficiency, ηst is 
the efficiency of the drive system, and ηh is the propeller efficiency. The values used for these performances are shown in Table III. 

 

Performance Value 

Engine efficiency (ηm) 0.50 

Drive system efficiency (ηst) 0.94 

Propeller efficiency (ηh) 0.61 

 

Table III: Propulsion system performances 

 

Once the workloads are calculated, the efficiency of the rigid sail is calculated as the ratio between the work done by the rigid sail 
and the work of the conventional engine, as can be seen in equation 9. 

 
 
 

  

(9) 

 
Finally, the economic savings per unit length travelled can be calculated using the equation 10. 
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(10) 

 
Where ΔCEc,km is the variation in fuel cost per km and pc the fuel price. 

 

4. RESULTS AND DISCUSSION 
 

4.1. PRE-STALL LIFT AND DRAG COEFFICIENTS 

The values of the pre-stall aerodynamic drag and lift coefficients of each of the airfoils tested, obtained from the XFLR5 software, 
were fitted to third degree polynomial models, as mentioned previously. A specific example is shown below using the airfoil NACA 
0015 (Figures 7 and 8). 

 

 
Figure 7: Pre-stall lift coefficients for NACA 0015 airfoil 

 

 
Figure 8: Pre-stall drag coefficients for NACA 0015 airfoil 

 

 

4.2. POST-STALL EXPERIMENTAL MODEL 
In order to determine the most suitable experimental model for obtaining the post-stall aerodynamic coefficients, a MATLAB program 
was coded. The result of the comparison between the Viterna and Aerodas models is presented in Figures 9 and 10 for lift and drag 
coefficients, respectively. They represent in blue the pre-stall aerodynamic coefficients obtained by XFLR5, in yellow the post-stall 
coefficients corresponding to the Viterna model, and in orange those corresponding to the Aerodas model. 
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As can be appreciated, both models had a similar behavior in predicting the reduction in the value of the lift coefficient from about 
45°. The main difference between the two models concerning this coefficient turned out to be within the interval from the stall point to 
45°. In the case of the Viterna model, lift would be reduced progressively in this area, whereas in the case of the Aerodas model, 
once the stall point is reached, there is an important reduction in the lift coefficient followed by a gradual increase in the lift coefficient 
up to 41°, when it begins to decrease progressively. As far as the drag coefficient is concerned, both models performed similar. 

 

 
 

Figure 9: Comparison of the lift coefficient between experimental models for NACA 0015 airfoil 

 

 

 

Figure 10: Comparison of the drag coefficient between experimental models for NACA 0015 airfoil 

 

 

  
 

Figure 11: Aerodynamic lift (right) and drag (left) coefficients obtained in wind tunnel tests for NACA 0015 airfoil [14] 
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If the trends obtained with both models are compared with the plots obtained from the wind tunnel tests, as shown in Figure 11, it 
can be stated that the model that best adjusted to the real behaviour of the coefficients was the Aerodas model, being able to better 
reproduce the reduction in the lift coefficient once the airfoil stall occurs. 

 

4.3. IMPORTANCE OF THE UTILIZATION OF THE RIGID SAIL IN POST-STALL CONDITIONS 

The calculation of the maximum value of the thrust coefficient for each angle of incidence of the apparent wind is obtained by 
adjusting the angle of attack, as noted in previous sections. Depending on the value of the angle of attack, two possibilities can be 
considered: (i) working only with angles of attack up to the stall angle, or (ii) additionally including the post-stall angles of attack. 

To visualize the impact of each possibility on the thrust coefficient, the maximum values of the thrust coefficient were calculated by 
taking into account both alternatives. To illustrate the results, polar diagrams are used (Figure 12). In these diagrams, the angle 
corresponds to the angle of incidence of the apparent wind, while the magnitude represents the maximum value of the thrust 
coefficient (Cx). 

As can be seen, when the wind is coming from the front of the boat (bow), the Cx values in both cases are the same, indicating that it 
is more beneficial to trim the sail with pre-stall angles of attack. However, when the apparent wind comes from the back of the boat, it 
is more interesting to work with angles of attack greater than the stall point. In these cases, there is a progressive increase in thrust 
until reaching its maximum value when the angle of incidence of the wind is 180°. In the case of working with pre-stall angles of 
attack, the thrust value decreases progressively until reaching its minimum value at 180°. This demonstrates the importance of 
considering the post-stall conditions in the analysis of thrust coefficients. 

 

  

Figure 12: Thrust coefficient (Cx) as a function of the angle of incidence of the relative wind for NACA 0015 without considering (left) 
and considering (right) the post-stall conditions 

 

4.4. THRUST AND OVERTURNING COEFFICIENTS. SELECTION OF THE OPTIMAL AIRFOIL 

Applying the methodology described in the section "Materials and methods", the values of the thrust (Cx) and overturning (Cy) 
coefficients can be obtained. As an example, the value of these coefficients for the airfoil NACA 0015 in relation to the angle of 
incidence of the wind is shown in Figure 13. In addition, the angle of attack associated with each angle of incidence of the wind is 
represented in Figure 14.  

Looking at these figures, it can be seen how the airfoils work in two completely different ways depending on the angle of incidence of 
the apparent wind. Firstly, when the apparent wind comes from the front of the boat (i.e., from an angle of incidence of 0° to the 
angle of change of region, between 90° and 100° depending on the airfoil), it is possible to make out how the sail adopts practically 
constant angles of attack of around 15°. This arrangement of the rigid sail in relation to the wind makes it possible to generate thrust 
forces from very small angles of incidence starting at 1°. At these first working angles, the overturning coefficient reaches its highest 
value, becoming the most important coefficient and then gradually decreasing. From angles of incidence of about 45°, the thrust 
coefficient will be higher than the overturning coefficient. It should be noted that, throughout this region, lift would be the 
aerodynamic force of the airfoil that makes the greatest contribution to the thrust and overturning forces. 
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When the angle of incidence of the wind occurs beyond the angle of change of region, the angle of attack should be drastically 
increased beyond the angle of stall to achieve higher thrust, and then the angle of attack must be progressively increased as the 
angle of incidence is higher. This finding has two important effects: firstly, the thrust coefficient increases more pronouncedly and, 
secondly, the overturning coefficient experiences an instantaneous increase, which is accompanied by a gradual decrease in the 
overturning coefficient. Both effects are because, in this region, the drag force begins to become more relevant than the lift force due 
to the gradual increase in the angle of attack. 

 

 
Figure 13: Thrust and overturning coefficients for NACA 0015 airfoil depending on wind angle of incidence (γ) 

 

 
 

Figure 14: Angle of attack (α) as a function of wind angle of incidence (γ) for NACA 0015 

 
Based on the thrust and overturning coefficients obtained for each airfoil, a comparison of the average behavior of the airfoils was 
undertaken in order to determine which of them generates a higher vessel's thrust supposing that all the angles of incidence are 
equiprobable. As can be seen in Figure 15, the highest average thrust values are generated by airfoils with thicknesses similar to 
NACA 0014. As the thickness of the airfoils increases, the average thrust coefficients become smaller and smaller. When it 
decreases below 12%, the average coefficients are drastically reduced. 
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Figure 15: Average thrust coefficient (Cx value) for each airfoil analyzed 

 

Regarding the value of the overturning coefficient, there is a clear decreasing trend as the airfoil thickness increases (Figure 16). 

 

 

Figure 16: Average overturning coefficient (Cy value) for each airfoil analyzed 

 

Taking all these considerations into account, it seems reasonable to consider that the NACA 0015 airfoil would be the best 
candidate, as it offers a high thrust coefficient while its overturning coefficient is lower than airfoils with similar thrust.  

 

4.5. RESULTS RELATED TO THE STUDY CASE 

This section shows the efficiencies for the case study presented in section three that could potentially be achieved if the rigid sail 
with the optimal geometry obtained in this work were installed. As indicated in section 3.1, these performances were obtained for a 
tanker with a diesel engine propulsion system operating on the Rotterdam-New Orleans route. The airfoil used is NACA 0015, 
applying the average of the computed thrust coefficients. 

As can be seen in Figure 17, when the sail area is small (40 m2), the rigid sail performance is very low for any apparent wind speed. 
As the sail area increases, the differences between the performances obtained at different wind speeds for the same sail area 
increase. On the other hand, when wind speeds are lower than 6 m/s, the performances obtained are very low and a very high sail 
area would be necessary. However, when wind speeds are higher, a small increase in wind speed produces substantial 
improvements in performance. In the case of a wind speed of 8 m/s, it can be achieved an efficiency of 6.18% for a surface of 360 
m2, increasing to up to 13.91% in the case of a wind speed of 12 m/s. It is worth noting that for the first case mentioned the company 
Bound4Blue points to a yield of 5.86% by using a rigid sail with the same sail area and a NACA 0025 airfoil. 

Finally, Figure 18 shows the economic savings in euros per kilometer for each combination of wind and rigid sail area. As can be 
seen, the trend is equivalent to that of the performance. Thus, in the case of installing a 360 m2 rigid sail and considering a wind 
speed of 8 m/s, the total saving on the maritime route would be 7149 euros. 
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Figure 17: Rigid sail performance as a function of wind speed for each sail area 

 

 
Figure 18: Economic savings depending on wind speed for each sail area 

 

5. CONCLUSIONS  
 

From the results obtained in this work, the following conclusions can be stated: 

i) It has been proved that the use of the sail in post-stall conditions for high angles of incidence, i.e. from approximately 90°, 
substantially improves the thrust generated on the boat. However, and for lower angles of incidence, it is more interesting to arrange 
the sail at an angle of attack less than the airfoil stall. Working in these two different ways, and depending on the apparent wind 
incidence angle, allows optimizing the thrust that the rigid sail is capable of producing. In this way, the proposed method, based on 
combining specific computational fluid dynamics tools of the aeronautical field with the calculation of aerodynamic coefficients from 
experimental models linked to applied engineering in the wind turbine sector, turned out to be an effective way to analyze and 
optimizing the thrust and overturning forces resulting from a wide range of incidence angles of the wind on the rigid sail. 

ii) Within the symmetrical four-digit NACA series, the NACA 0015 airfoil showed to be the best choice for geometrically defining the 
rigid sail cross section, as it provides the highest possible thrust while minimizing the overturning force.  

iii) Applying the method developed in this work, we have simulated the performance of the previously described case study (oil 
tanker travelling from Rotterdam to New Orleans) when using a rigid sail with a sail area of 360 m2 and NACA 0015 airfoil. For an 
average wind speed of 8 m/s, the rigid sail performance computed by the simulation took a value of 6.18%, a slightly higher value 
that the one provided by the Bound4Blue company of 5.86%. To increase the performance of the wind propulsion system, it would 
be necessary to increase the sail surface available, for example, by installing several rigid sails. This shows that the use of rigid sails 
can derive in a reduction in fuel consumption, improving the efficiency of the propulsion systems of most ships and, therefore, 
reducing shipping related GHG emissions. 
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