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 a b s t r a c t

As wind propulsion for ships emerges as a key measure to meet climate goals, there is an increasing need for effec-
tive performance prediction methods. This paper presents an efficient non-linear lifting line method (ISILL), en-
hanced with viscous corrections, specifically developed for interacting sails. The validation is conducted against 
wind tunnel experiments, covering a wide range of sheeting combinations, both pre- and post-stall conditions, 
at four different apparent wind angles. The results focus on predicting maximum driving force, corresponding 
sheeting angles, and yaw moment of the sail system. Up to and including the onset of stall, the overall agreement 
with wind tunnel experiments is satisfactory. The method remains computationally stable beyond the point of 
stall, although the accuracy decreases in the post-stall regime.

1.  Introduction

Regulatory bodies have set increasingly strict targets for the re-
duction of greenhouse gases (GHGs) for long-distance shipping (IMO, 
2023; Parliament, 2023). As a consequence, wind propulsion technolo-
gies (WPTs), such as rotor sails, wing sails, suction/active wings, kites 
and modern sailing rigs, have generated increasing attention as a mea-
sure of reducing fuel consumption and CO2 emissions. Several WPTs 
have shown promising energy-saving potential and operational viabil-
ity (Kolodziejski and Sosnowski, 2025). For example, operational re-
ports from ArianeGroup/OceanWings (OceanWings, 2024) indicate en-
ergy savings of 30%-50% using wing sails onboard the Canopée. In 
mid-2024, 45 ships around the world had adopted wind propulsion tech-
nologies (Veritas, 2024), with more than 100 installations by the end of 
the year (Kolodziejski and Sosnowski, 2025).

To further adopt and optimize the use of wind propulsion tech-
nology, computational tools are needed to predict and compare fuel 
savings (Gerhardt et al., 2022). In 2024, the Specialist Committee on 
Wind Powered and Wind Assisted Ships of the 30th International Tow-
ing Tank Conference (ITTC) (Alterskjær et al., 2024) published the first 
guidelines and recommendations on how to predict power savings of 
wind-powered ships. Typically, predicting the power-saving potential 
includes the use of velocity prediction programs (VPPs). In the pro-
grams, several different subsystems need to be modeled; the WPT, the 
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hydrodynamic forces on hull and rudders, machinery and other propul-
sors, such as a conventional propeller. VPPs need to be combined with 
accurate routing studies and weather forecasting. In addition to power 
prediction, VPPs form a base for voyage simulators, which can be used 
to evaluate operational safety and in crew training.

To model a WPT, the aerodynamic forces generated by the sails need 
to be estimated. Such simulations are not trivial, as for a system of mul-
tiple finite-aspect ratio sails, sail–sail interaction and 3D effects need 
to be considered. These types of complex fluid flows may be evalu-
ated using high-fidelity methods, i. e., computational fluid dynamics 
(CFD) or experimental fluid mechanics (EFD). Different CFD methods 
have been applied to model interacting wing sails, such as, Reynolds-
averaged Navier-Stokes (RANS) and improved delayed detached eddy 
simulation (IDDES) (Zhu et al., 2024; Xu et al., 2025). Due to the large 
variation in the possible headings of the ship in relation to the incoming 
wind (i.e. apparent wind angles) and the large number of possible sail 
sheeting combinations, the high computational cost of CFD limits its ap-
plication in design optimization and in VPPs (Malmek et al., 2024). EFD 
can allow for evaluating a WPT at a range of angles of attack and ap-
parent wind angles; however, at a high financial cost. In addition, scale 
effects and experimental uncertainties must be considered.

An alternative to high-fidelity methods are potential flow-based 
models, which are orders of magnitude more computationally efficient 
compared to RANS CFD codes. One such group of methods is based 

https://doi.org/10.1016/j.oceaneng.2025.123598
Received 30 June 2025; Received in revised form 1 November 2025; Accepted 15 November 2025

Ocean Engineering 345 (2026) 123598 

Available online 6 December 2025 
0029-8018/© 2025 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://www.elsevier.com/locate/oceaneng
https://www.elsevier.com/locate/oceaneng
https://orcid.org/0000-0001-8719-5362

$\beta _{AW}$


$\beta _{AW}$


$\alpha _i$


$\alpha _i$


$i$


$C_L$


$C_L$


$C_D$


$C_D$


$V_\infty $


$V_\infty $


$\rho $


$\rho $


$S$


$S$


$n_{\text {sails}}$


$n_{\text {sails}}$


$d$


$d$


$x$


$x$


$AR$


$AR$


$c$


$c$


$s$


$s$


$Re$


$Re$


$c_l$


$c_l$


$c_d$


$c_d$


$C_L^{2D}$


$C_L^{2D}$


$C_D^{2D}$


$C_D^{2D}$


$AR$


$AR$


$\hat {y}_i$


$\hat {y}_i$


$y_i$


$y_i$


$n$


$n$


$C_X$


$C_X$


$x$


$C_M$


$C_M$


$C_Y$


$C_Y$


$_2$


$\Gamma $


$V_\infty $


$\beta _{AW}$


$\alpha _3$


$C_L$


$C_D$


$xyz$


$\beta _{AW}$


$x$


$0.5 \rho V_{\infty }^2 S n_{\text {sails}}$


$C_X$


$C_Y$


$y$


$C_M$


$2d$


\begin {align}{C_M = \frac {C_{Y,1}d - C_{Y,3}d}{2d}}, \label {Xeqn1-1}\end {align}


$2d$


$6.76 \times 10^5$


$17^{\circ }$


$19^{\circ }$


$C_l(\alpha )$


$C_D(\alpha )$


$c_l(\alpha )$


$c_d(\alpha )$


$Re=0.7 \times 10^6$


$Re=1.6 \times 10^6$


$C_L$


$C_D$


$C_D$


$C_X$


$C_X$


$C_X$


$30^{\circ }, 60^{\circ }$


$90^{\circ }$


$\beta _{AW}=15^{\circ }$


$C_X$


$\alpha =0$


$-10^{\circ }$


$10^{\circ }$


$C_L$


$\alpha =0$


$\alpha _2= 0^{\circ }, 5^{\circ }, 10^{\circ }, 15^{\circ }, 17^{\circ }$


$19^{\circ }$


$\beta _{AW} = 15^{\circ }, 30^{\circ }, 60^{\circ }$


$90^{\circ }$


$0^{\circ }$


$5^{\circ }, 10^{\circ }, 15^{\circ }, 17^{\circ }$


$19^{\circ }$


$15^{\circ }$


$\alpha _2=-15^{\circ }$


$\alpha _2=20^{\circ }$


$\alpha _2=-15^\circ $


$20^\circ $


$\beta _{AW}=0^{\circ }$


$0^{\circ }$


$20^{\circ }$


$1^{\circ }$


$\beta _{AW}$


$\alpha _1\alpha _2\alpha _3$


$\alpha _i<0$


$c_l$


$c_d$


$C_L^{2D}$


$C_D^{2D}$


$C_L$


\begin {equation}C_L = \frac {C_L^{2D}}{1 + \frac {2}{AR}}, \label {eq:CL}\end {equation}


$C_D$


\begin {equation}C_D = \frac {C_L^{2}}{\pi AR} + {C_D^{2D}}. \label {eq:CD}\end {equation}


$c_l/c_d$


$c_l/c_d$


$\alpha =30$


$0.5^{\circ }$


\begin {align}&\text {MAE} = \frac {1}{n} \sum _{i=1}^{n} |\hat {y}_i -y_i|\quad \text {and} \label {Xeqn4-4}\\ &\text {MSD} = \frac {1}{n} \sum _{i=1}^{n} (\hat {y}_i - y_i), \label {Xeqn5-5}\end {align}


$n$


$\hat {y}_i$


$y_i$


$\beta _{AW}$


$C_X$


$C_L$


$C_X$


$C_L$


$C_X$


$C_X$


$C_M$


$C_X$


$C_X$


$C_M$


$\beta _{AW}=15^\circ $


$C_X$


$C_M$


$\beta _{AW}=90^\circ $


$C_X$


$C_M$


$C_X$


$C_M$


$\beta _{AW}=30^\circ $


$C_X$


$C_M$


$\beta _{AW}=60^\circ $


$\beta _{AW}=15^{\circ }$


$15^{\circ }$


$x$


$C_X$


$C_X$


$C_X^{\max }$


$C_M$


$C_M^{\min }$


$C_X^{\max }$


$\alpha _2$


$0^{\circ }$


$\beta _{AW}=30^{\circ }$


$30^{\circ }$


$\beta _{AW}=15^{\circ }$


$\alpha _1$


$3^{\circ }$


$5^{\circ }$


$3^{\circ }$


$5^{\circ }$


$B30A131520$


$B30A201510$


$B30A131520$


$B30A101520$


$B30A171717$


$C_L=1.00$


$C_L=1.33$


$C_L$


$\beta _{AW}=15^{\circ }$


$C_X^{\max }$


$\beta _{AW} =$


$0^{\circ }$


$C_X^{\max }$


$\beta _{AW} =90^{\circ }$


$\beta _{AW} =90^{\circ }$


$x$


$C_L$


$C_Y$


$\alpha =16^{\circ }$


$\alpha =17^{\circ }$


$\beta _{AW}=90^{\circ }$


$\beta _{AW}=30^{\circ }$


$\beta _{AW}=90^{\circ }$


$\beta _{AW}=30^{\circ }$


$12^{\circ }$


$30^{\circ }$


$\beta _{AW}=30^{\circ }$


$\alpha _2 \geq 25^{\circ }$


$\alpha _2=20^{\circ }$


$\alpha _2=20^{\circ }$


$\alpha _2=25^{\circ }$


$\beta _{AW}=90^{\circ }$


$12^{\circ }$


$25^{\circ }$


$\beta _{AW}=90^{\circ }$


$<0.1\,\%$


$\beta _{AW}=90^{\circ }$


$\alpha _2 \geq 17^{\circ }$

https://orcid.org/0000-0003-2645-0539
https://orcid.org/0000-0002-8208-0619
https://orcid.org/0000-0002-3168-9889
mailto:karolina.malmek@ri.se
https://doi.org/10.1016/j.oceaneng.2025.123598
https://doi.org/10.1016/j.oceaneng.2025.123598
http://creativecommons.org/licenses/by/4.0/


K. Malmek et al.

Nomenclature

𝛽𝐴𝑊 Apparent wind angle
CE Centre of Effort
VPP Velocity Prediction Program
𝛼𝑖 Angle of attack of Sail 𝑖
𝐶𝐿 Lift coefficient (3D)
𝐶𝐷 Drag coefficient (3D)
𝑉∞ Freestream (apparent) wind speed
𝜌 Air density
𝑆 Sail area of a single sail
𝑛sails Number of sails
𝑑 Half the distance between Sail 1 and Sail 3
𝑥 Direction of the driving force (ship forward axis)
𝐴𝑅 Aspect ratio of the sail
𝑐 Average chord length of the sail
𝑠 Sail height
𝑅𝑒 Reynolds number
𝑐𝑙 Sectional lift coefficient (2D)
𝑐𝑑 Sectional drag coefficient (2D)
𝐶2𝐷
𝐿 Integrated 2D lift coefficient (infinite span)

𝐶2𝐷
𝐷 Tntegrated 2D drag coefficient (infinite span)

𝐴𝑅 Aspect ratio of the sail
𝑦̂𝑖 Predicted value from the ISILL model
𝑦𝑖 Observed value from wind tunnel experiments
𝑛 Number of observations in statistical analysis
MAE Mean Absolute Error
MSD Mean Signed Deviation
𝐶𝑋 Force coefficient in the 𝑥-direction (driving force)
𝐶𝑀 Yaw moment coefficient
𝐶𝑌 Side force coefficient
CFD Computational Fluid Dynamics
EFD Experimental Fluid Dynamics
WPT Wind Propulsion Technology
NLL Nonlinear Lifting Line
SILL Sectionally Integrated Lifting Lines
ISILL Interacting Sectionally Integrated Lifting Lines

on Prandtl’s lifting-line theory, with modifications by, for example, 
Weissinger (1947). In order to include viscous effects, these classical 
theories are coupled with 2D empirical sectional data, and the result-
ing theory is commonly known as nonlinear lifting line (NLL) theory. 
Various adaptations of this theory exist within the aerospace industry 
and are used in the preliminary design stages (Gallay and Laurendeau, 
2015; Beyer et al., 2024).

Modeling of sails using the NLL theory was suggested by Graf et al. 
(2014) and Duport et al. (2019), basing their models predominantly on 
the work of Phillips and Snyder (2000) respectively (Anderson, 1991). 
Persson and Werner (2019) presented and validated a simplified version 
of the theory and applied it to a single wing sail, calling it sectionally 
integrated lifting lines (SILL). It applies a fixed elliptical lift distribution 
to estimate the 3D effects, thereby avoiding iterations. The SILL code has 
been shown to be robust and gives acceptable results up to the onset of 
stall for a single sail. Malmek et al. (2020, 2024) further developed the 
SILL method by including interaction effects between multiple sails.

The use of NLL codes within a wind propulsion context was further 
extended, for example, by Kramer and Steen (2022), applying the Γ-
coupled iterative solver proposed by Anderson (1991). Recently, Schot 
and Garenaux (2023) and Babarit (2024) have presented adaptations of 
NLL models, showing promising results for both wing and rotor sails. In 
contrast to Malmek, the aforementioned authors suggest an iterative ap-
proach to estimate the 3D downwash effect on the sail itself, allowing 
for a more correct representation of the lift distribution over the sail. 
However, several challenges with these variants have been reported: 1) 
code instabilities when approaching the onset of stall requires extensive 

relaxation (Phillips and Snyder, 2000; Gallay and Laurendeau, 2015) 
which increase computational time, 2 sensitivity to the number of seg-
ments used in the discretization of the lifting line (Schot and Garenaux, 
2023), and 3 they have been shown to fail to capture the lift distri-
bution in the post-stall regime, showing oscillatory behavior between 
discretizations segments (Gallay and Laurendeau, 2015; Schot and Gare-
naux, 2023). Updated solving algorithms, such as the one proposed by 
Gallay and Laurendeau (2015), and alternative approaches to updating 
the local angle of attack (Van Dam, 2002) may remedy these issues, but 
these variants of the NLL models have not yet been implemented and 
validated in the context of wind propulsion.

This study evaluates the Interacting Sectionally Integrated Lifting 
Lines (ISILL) method proposed by Malmek (2023). The sail–sail inter-
action is modeled iteratively using horseshoe vortices and the effect of 
downwash on each individual sail is modeled by the SILL method. By 
applying an assumed lift distribution, the calculation time is reduced 
and the stability of the code is increased compared to a NLL model with 
varying lift distribution. Viscous 2D data, based on CFD or wind tunnel 
tests, is used as pre-tabulated input to the model. Additionally, Malmek 
et al. (2024) suggests a viscous correction to compensate for boundary 
layer effects around the onset of stall, thereby improving the prediction 
of maximum potential thrust generated by the WPT.

In the present paper, wind tunnel experiments with three wing sails 
are used to validate the ISILL code. A large test matrix is presented, 
with pre- and post-stall systematic sheeting variations, at four different 
apparent wind angles. For post-stall angles, validation against EFD is 
preferred to RANS CFD, as RANS has limited accuracy for separated 
flows. This paper thus complements and extends previous validation 
studies of the ISILL code (Malmek et al., 2024).

Three new key questions are investigated in this paper:
• Can the method be applied to predict the onset of stall? Identifying the 
onset of stall is crucial when optimizing the WPT for maximum driv-
ing force. In addition, the method should correctly predict the cor-
responding sheeting angles and yaw moment.

• What is the accuracy and method behavior post-stall?
The sails are assumed to mainly operate at pre-stall angles, but 

post-stall flow may occur in off-conditions. The code should remain 
stable for post-stall angles to accommodate integration in a VPP.

• How to generate sectional input data, in practice? A novel approach is 
applied by calibrating the 2D input data using single-sail 3D mea-
surements. This approach is in line with practical application of the 
method, as 3D standalone lift and drag data, obtained either by 
measurements or simulations, are commonly given by technology 
providers.

The paper structure is as follows. The first part gives information 
about the test case and validation data, by presenting the geometry 
and test matrix in Section 2.1 and the wind tunnel experiments in
Section 2.2. This is followed by a brief description of the ISILL method 
in Section 3. The two ways that viscous effects are introduced in the 
model are detailed in Section 3.1, describing the use of single-sail re-
sults to calibrate the model input, and in Section 3.2, describing a cor-
rection to compensate for interaction effects on boundary layer devel-
opment. Section 4.1 gives information regarding how tunnel blockage 
effects are handled in the modeling. The validation results are presented
in Section 4. Finally, the conclusions and suggestions for future investi-
gations are given in Section 5.

2.  Validation data
This section presents the geometry, the sheeting and apparent wind 

angle combinations used in the validation and data acquisition.

2.1.  Geometry and definitions

The geometry used in the validation consists of three wing sails 
placed on a flat surface. The sail design is based on a concept used as 
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Fig. 1. Side view (top) and plan view (bottom) of the wing sails used in the test 
case. Blue arrows indicate freestream wind direction (𝑉∞). Since the model is 
stationary, the freestream wind corresponds to both true and apparent wind. The 
apparent wind angle (𝛽𝐴𝑊 ), the angle of attack for Sail 3 (𝛼3), the lift coefficient 
(𝐶𝐿) and the drag coefficient (𝐶𝐷) are defined. The origin of the 𝑥𝑦𝑧 coordinate 
system is at the quarter-chord of Sail 2.

Table 1 
Principal dimensions of the model used in wind tunnel tests.
Parameter Symbol Value

Number of sails 𝑛𝑠𝑎𝑖𝑙𝑠 3
Sail height 𝑠 1385mm
Average chord 𝑐 400mm
Maximum chord 460mm
Sail area (single sail) 𝑆 0.552m2

Aspect ratio 𝐴𝑅 3.5
Mast to mast spacing 𝑑 748mm

a research test case in the Oceanbird (now Orcelle) car-carrier project, 
and has been used in several related research projects (Werner et al., 
2023; Dhomé, 2024). The model is 1:58 of the full-scale design and the 
model dimensions are presented in Table 1.

The section profile of the sails is a NACA0015 section and the plan-
form can be seen in Fig. 1. The center of rotation is located at 25% of the 
chord length (quarter-chord). The apparent wind angle, 𝛽𝐴𝑊 , is defined 
relative to the WPT centerline, which is assumed to coincide with both 
the centerline and the heading of an (imaginary) ship it is placed upon. 
Consequently, the driving force generated by the WPT is here defined 
as the force generated in the direction of the 𝑥-axis in Fig. 1, and gives a 
measure of the total propulsive force generated by the sail system. The 
driving force is normalized by 0.5𝜌𝑉 2

∞𝑆𝑛sails to form the driving force 
coefficient, 𝐶𝑋 . The side force coefficient, 𝐶𝑌  corresponds to the nor-
malized force generated in the direction of the 𝑦-axis. The yaw moment 
coefficient, 𝐶𝑀 , is defined by dividing the moment generated by Sail 1 
and Sail 3 around the mast-foot of Sail 2 (i.e., the origin in Fig. 1) by 
2𝑑, 

𝐶𝑀 =
𝐶𝑌 ,1𝑑 − 𝐶𝑌 ,3𝑑

2𝑑
, (1)

where 2𝑑 is the distance between Sail 1 and Sail 3.

Table 2 
Systematic sheeting variations for Sail 1 and Sail 3 in re-
lation to Sail 2. For each series of variations, the angle of 
attack of Sail 2 was fixed at 𝛼2 = 0◦, 5◦, 10◦, 15◦, 17◦ and 19◦. 
All sheeting combinations were repeated for apparent wind 
angles 𝛽𝐴𝑊 = 15◦, 30◦, 60◦ and 90◦.
Sail 1 Sail 2 Sail 3
−5◦ 𝛼2 +5◦

−2◦ 𝛼2 +2◦

−1◦ 𝛼2 +1◦

±0◦ 𝛼2 ±0◦

+1◦ 𝛼2 −1◦

+5◦ 𝛼2 −5◦

−2◦ 𝛼2 +7◦

+2◦ 𝛼2 +2◦

2.2.  Wind tunnel experiments

The experiments were performed in the R.J. Mitchell wind tunnel at 
Southampton University, a closed-circuit wind tunnel with cross-section 
dimensions of 3.5m × 2.4m and a turbulence intensity level of less 
than 0.2% (Castro, 2021). The experimental campaign was part of the 
Oceanbird wind powered car carrier project and has been covered in 
several publications. The first presentation of the experimental setup 
and results was given by Giovannetti et al. (2022). Further experimental 
results were included in the licentiate thesis of Malmek (2023). Wielgosz 
et al. (2025) used the single-sail results to investigate scale effects and 
performed an uncertainty analysis. The experimental results were also 
used by Xu et al. (2025) to validate an improved delayed detached eddy 
simulation (IDDES) CFD setup to investigate the effects of multiple wing 
sail interaction.

The model, consisting of three sails, was mounted in a row hanging 
from the tunnel roof balance, as illustrated in Fig. 1. Different apparent 
wind angles corresponding to the ship sailing at different angles rela-
tive to the wind were achieved by rotating the roof balance. The overall 
forces were measured with a six-component Nuntem load cell balance. 
The individual forces and moments of each sail were also measured with 
separate transducers. Thin sheets of foam plastic were added to the tun-
nel roof to ensure that no gap between the bottom of the sails and the 
roof remained.

The freestream wind speed during all tests was set to 25m/s. This 
corresponded to a Reynolds number of 6.76 × 105, based on the mean 
chord length, which is within the flow regime where laminar bound-
ary layer effects may be substantial. To try to ensure transition to the 
turbulent flow regime, a zigzag transition tape was placed at the quarter-
chord on both sides of each sail.

At higher angles of attack, mechanical load limits prevented rotating 
the sails at a constant speed of 25m/s. Therefore, tests above angles of 
ca 17◦–19◦ had to be performed by lowering the wind speed to 10m/s 
before rotating the sails and, after setting the new sheeting angles, re-
turning the speed to 25m/s. The single-sail wind tunnel tests showed 
that this process of lowering the wind speed induced a hysteresis effect, 
where the sail stalled at lower angles of attack, as shown in Fig. 3.

While the previous publications of the experiments reported no 
blockage effect for the single sail, this study found a blockage effect 
for the multi-sail tests, which will be discussed further below.

The uncertainties in the wind tunnel tests for the single sail mea-
surements , using the individual force transducer of Sail 2, have been
evaluated by Wielgosz et al. (2025). The percentage uncertainty in 𝐶𝐿
and 𝐶𝐷 for pre-stall angles are approximately 4% respectively 35% 
of the measured value. Even though the drag force is generally much 
smaller than the lift force, the rather high uncertainty in 𝐶𝐷 could give 
an effect when calculating the driving force at low apparent wind an-
gles. When sailing upwind, the drag component has a larger impact on 
the driving force 𝐶𝑋 . To investigate the impact of this uncertainty, the 
𝐶𝑋 values measured by summing the contributions of the individual 
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Table 3 
Angles of attack for Sail 1 and Sail 3 during sweeps of Sail 2 
from 𝛼2 = −15◦ to 20◦.
𝛽𝐴𝑊 Sail 1 Sail 2 Sail 3
30◦ 13◦ 𝛼2 17◦

90◦ 15◦ 𝛼2 15◦

force transducers were compared with those predicted by the overhead 
balance. The maximum 𝐶𝑋 value measured by the two different bal-
ances differed 0.2%, 1.5% and 0.9% for apparent wind angles 30◦, 60◦
and 90◦. At the lowest apparent wind angle measured, 𝛽𝐴𝑊 = 15◦, the 
maximum 𝐶𝑋 differed by 0.02, giving a percentage error of 13%.

The uncertainty analysis above did not include geometry errors, such 
as geometry deviations or misalignment of the sail angle. The sails were 
mounted using a frame to ensure alignment. When studying the single 
sail results, a small shift of the lift curve can be observed (it is not sym-
metric around 𝛼 = 0). By interpolation between the results in the linear 
lift regime (−10◦ to 10◦), the estimated 𝐶𝐿 at 𝛼 = 0 is 0.0035. This cor-
responds to an error of 0.3% compared to the maximum Cl.

2.3.  Test matrix

In the experiments, two different sheeting variations were tested. 
First, a test matrix with several systematic sheeting variations was con-
ducted at different apparent wind angles. In each configuration, the mid-
dle sail (Sail 2) was fixed at a specific angle of attack, while the sheeting 
angles of the front sail (Sail 1) and the aft sail (Sail 3) were varied ac-
cording to Table 2. The angles were chosen to capture both favorable 
sheeting trends and settings that was expected to affect the performance 
negatively. The angle of attack of the middle sail was first set at 0◦ fol-
lowed by 5◦, 10◦, 15◦, 17◦ and 19◦. The increment in angle of attack was 
reduced above 15◦ to increase the resolution near the point of sail stall.

Next, tests were conducted in which the angle of attack was swept 
from low to high to investigate how interaction effects influenced the 
point of stall. Sail 2 was swept from 𝛼2 = −15◦ to 𝛼2 = 20◦, while the 
other two sails remained stationary. The angles of attack of Sails 1 and 3, 
seen in Table 3, were chosen based on the previous systematic sheeting 
variations to generate high aerodynamic loads and a strong interaction 
effect on Sail 2.

Finally, tests were also conducted for a single sail, where the forward 
sail and the aft sail were removed and the roof balance was set to an 
angle corresponding to 𝛽𝐴𝑊 = 0◦. The remaining sail was then swept 
from 0◦ to 20◦ in steps of 1◦.

In the following analysis, each sheeting and apparent wind angle 
variation is denoted on the form B𝛽𝐴𝑊 A𝛼1𝛼2𝛼3. Leading zeroes are in-
cluded where applicable, in for example the case B15A000510. In cases 
where 𝛼𝑖 < 0 the leading zero is replaced by a minus sign, e.g. B15A-
50005.

3.  Lifting line method for interacting wing sails (ISILL)

The main principles of the method are summarized below. A detailed 
description of the ISILL method may be found in previous publications 
by the authors (Malmek, 2023; Malmek et al., 2024). Two subsections 
follow the summary, Section 3.1 describes how the 2D sectional lift and 
drag is established and Section 3.2 gives a description of the viscous 
boundary layer correction.

The ISILL method separates the problem of establishing the 3D aero-
dynamic forces of interacting sails into two parts. First, given an input 
wind profile, the downwash generated by the trailing vortices and corre-
sponding loads on a specific sail are estimated by the SILL model (Pers-
son and Werner, 2019). This step is followed by estimating the effect of 
sail–sail interaction by calculating the induced velocities created by all 
surrounding sails.

The single-sail SILL model can be summarized in the following main 
steps:

1. The geometry of the sail is discretized into spanwise strips (here 
150). On each strip, 2D 𝑐𝑙 and 𝑐𝑑 are retrieved from pre-tabulated 
data based on the local angle of attack and wind speed.

2. The sectional forces are integrated to calculate the total lift and drag 
coefficients 𝐶2𝐷

𝐿  and 𝐶2𝐷
𝐷 , without downwash.

3. The 3D effect of the trailing vortices are estimated by assuming an 
elliptical lift distribution over the sail. The total finite-span 𝐶𝐿 is 
estimated by the formula

𝐶𝐿 =
𝐶2𝐷
𝐿

1 + 2
𝐴𝑅

, (2)

and the total drag coefficient, 𝐶𝐷, by

𝐶𝐷 =
𝐶2
𝐿

𝜋𝐴𝑅
+ 𝐶2𝐷

𝐷 . (3)

By using an assumed lift distribution, the calculation time is reduced 
and the stability of the code increased. There is the possibility of cor-
recting Eq. (2) for planform deviations, as suggested, for example, by 
Schrenk (1940), but this type of correction has been deemed unneces-
sary in the present geometry.

Having estimated the total forces on each sail by the SILL model, 
the sail–sail interaction effects are modeled with a potential flow-based 
vortex model:

1. The total circulation strength is calculated by the Kutta-Jukovski the-
orem (using averaged local wind conditions) and distributed over the 
sail span, again assuming an elliptical distribution.

2. Each sail is represented by a system of horseshoe vortices with con-
stant strength. The change in circulation strength between each span-
wise strip determines the strength of the vortices.

3. At each control point, the Biot-Savart law allows calculating the in-
duced velocities generated from all surrounding sails. These are sum-
marized and added to the input wind profile, giving a new, sail-
specific, local input wind profile.

In the current implementation, the following is applied: (1) the gen-
erated lift and drag forces are assumed to apply in the quarter-chord; 
(2) the induced velocities from surrounding sails are estimated at the 
three-quarter chord; and (3) the sails are mirrored in the tunnel roof and 
walls (not floor). The discretization scheme and placement of the control 
points are similar to the finite-step method by Weissinger. (Weissinger, 
1947; Van Dam, 2002).

In this paper, the method is used and evaluated only under steady-
state conditions, and a uniform profile of the far-field inflow is assumed.

3.1.  Sectional lift and drag calibration using single-sail results

In the ISILL method, sectional 2D 𝑐𝑙∕𝑐𝑑 -data as a function of the ef-
fective angle of attack is required as input. These data can be estimated 
by, for example, 2D CFD simulations or wind tunnel experiments with 
an infinite aspect ratio. In this study, 2D CFD simulations were rejected 
because the flow was within the transitional regime and the wingsails 
were equipped with zigzag transition tape, making the CFD results very 
sensitive to different transition modeling strategies and assumed tunnel 
turbulence intensity levels. Experimental results for 2D / infinite wings, 
some presented in Fig. 2, were also evaluated as input. However, no 2D 
wind tunnel results were found for a NACA0015 section at the correct 
Reynolds number using zigzag transition tape at the quarter chord.

Instead, an alternative approach is suggested, where the 3D single-
sail wind tunnel experiments, plotted in Fig. 3, are used to calibrate the 
sectional input data. This approach is motivated by two arguments; 1) 
it allows for evaluating the ability of the ISILL method to predict sail–
sail interaction effects compared to not considering interaction (SILL); 
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Fig. 2. 2D sectional 𝑐𝑙(𝛼) and 𝑐𝑑 (𝛼), used for model input. “Ramped” and “constant” refer to the two different calibrated input curves based on different wind tunnel 
test procedures. Wind tunnel data for the NACA0015 profile at two different Reynolds numbers, 𝑅𝑒 = 0.7 × 106 (Sheldahl and Klimas, 1981) and 𝑅𝑒 = 1.6 × 106

(Bertagnolio, 2008), are also presented. Bertagnolio (2008) reports results with three different turbulence levels — using a high-solidity turbulence grid (H), a 
low-solidity turbulence grid (L) and no turbulence grid (N).

Fig. 3. 3D 𝐶𝑙(𝛼) and 𝐶𝐷(𝛼) for a single sail. Two different series of wind tunnel test (WT) results are presented, conducted at two different in-between tests of wind 
speeds. In the first series, the speed was maintained constant at 25m/s, in the second series the speed was lowered to 10m/s while changing the angle of attack. The 
results using the SILL model with two different sets of experimental input data (see Fig. 2) are also presented. Due to the calibration, the SILL model results using 
the 2D ramped and constant data tables coincide with the 3D wind tunnel tests.

and 2) this procedure is in line with industry application of the code 
in VPPs, as 3D single-sail CFD simulations or experimental results are 
often available.

The calibrated sectional 𝑐𝑙∕𝑐𝑑 -data are plotted in Fig. 2, along 
with experimental reference data for the NACA0015 profile (Bertag-
nolio, 2008; Sheldahl and Klimas, 1981). It can be concluded that 
the maximum lift coefficient and stall angle are sensitive to Reynolds 
number effects as well as to turbulence levels in the wind tunnel. 

Note that at higher angles of attack, there are two different data 
sets, based on the wind speed between the tests, as discussed in
Section 2.2.

To ensure stability of the ISILL code under post-stall conditions, an-
gles of attack higher than 𝛼 = 30 are required in the input table. There 
are no single-sail data available from the RJ Michel wind tunnel tests, 
and in the absence of such data, the AERODAS model by Spera (2008) 
has been implemented to approximate the post-stall lift and drag curves.
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3.2.  Correcting for boundary layer interaction effects

A limitation of ISILL is that the input sectional data is obtained for 
a single sail. However, when multiple sails are introduced, the incom-
ing flow to each sail is twisted by the sail–sail interaction. This distur-
bance from the surrounding sails is evaluated at a single control point 
on each sail strip using potential flow theory. Despite this simplification, 
the approximation has shown adequate results before the onset of stall 
(Phillips and Snyder, 2000).

Consequently, no consideration is given to the chord-wise pressure 
variation due to interaction. However, this affects the development of 
the boundary layer, particularly when the trailing edge of a sail is ori-
ented close to the leading-edge low pressure of a following sail. This 
interaction-induced reduction of the pressure gradient over the bound-
ary layer delays its separation. Consequently, under certain conditions, 
higher angles of attack can be sustained before the sail stalls, producing 
a higher maximum lift force.

In the ISILL model, this effect is accounted for by an empirical cor-
rection of the lift force. The correction postpones the angle of stall by 
adding an inviscid component to the viscous input sectional lift coeffi-
cient. The weight between the two is determined by an empirical ex-
pression based on the interaction-induced pressure change along the 
rear three-quarters of the section. A detailed description can be found 
in Malmek et al. (2024), and the same correction settings are applied 
here.

4.  Results and discussion

This section presents and analyses the results from the validation of 
the aerodynamic interaction method ISILL against wind tunnel experi-
ments. The systematic sheeting variations are presented in Section 4.2 
and the sheeting sweeps in Section 4.3. ISILL is compared both to the 
experimental results and the single-sail SILL model, which does not con-
sider sail–sail interaction. In all plots, the wind tunnel results are marked 
by black squares, the ISILL method by yellow knots and the SILL model 
by red crosses.

The method has been set to best reflect the conditions for the spe-
cific wind tunnel run. As input to the model, the effective angle of attack 
measured in the experiment has been used. This effective angle may dif-
fer by up to 0.5◦ from the angle of attack specified by the sheeting case. 
Note that in all figures, the specified angle of attack is used as legend. 
In addition, the effective average wind speed and air density are used 
in the calculations, which may vary slightly from test to test. The ISILL 
results have been corrected for side wall mirroring effects, discussed in 
Section 4.1, by including three imaginary sail triplets on each side of 
the real sails.

Two statistical measures are used in this section: the mean absolute 
error (MAE) and the mean signed deviation (MSD). They are defined by 
the following equations:

MAE = 1
𝑛

𝑛
∑

𝑖=1
|𝑦̂𝑖 − 𝑦𝑖| and (4)

MSD = 1
𝑛

𝑛
∑

𝑖=1
(𝑦̂𝑖 − 𝑦𝑖), (5)

where 𝑛 is the number of observations, 𝑦̂𝑖 is the predicted value and 𝑦𝑖
is the observed value in the experiments.

4.1.  Blockage effects and wall mirroring

In earlier studies, Wielgosz et al. (2025), Xu et al. (2025) CFD inves-
tigations in a single-sail setup concluded that there were no blockage 
effects that affected the results. However, in test cases with all three 
sails under high aerodynamic load, an effect of the tunnel walls was ob-
served. In lifting line modeling, it is customary to identify flat surfaces 
as mirror boundaries, for example, when assuming the sail has a double 

span when placed on a large flat deck. This assumption was extended to 
investigate potential mirroring effects in the tunnel side walls, by mod-
eling them as reflective boundaries. The mirroring effect of the flow on 
the tunnel floor was assumed to be minimal due to the large distance 
from the sail tips to the tunnel floor and the smaller interaction effect 
from the trailing vortices compared to the vertical vortices.

For each different 𝛽𝐴𝑊 , the case with maximum sail load was se-
lected: B15A101520, B30A101520, B60A131516 and B90A161514. The 
convergence of total 𝐶𝑋 and 𝐶𝐿 as a function of the number of mirrors 
was investigated and related to a maximum of 5 mirror images in each 
side wall. The convergence of total 𝐶𝑋 and 𝐶𝐿 as a function of the num-
ber of mirrors was investigated, considering up to 5 mirror images on 
each side wall. The largest difference in 𝐶𝑋 was 8% when no wall mir-
rors were used, 0.55% with 2 mirrors on each side, and 0.12% with 3 
mirrors on each side. The force coefficients were unaffected when in-
creasing from 4 to 5 mirrors, with less than 0.00% difference.

4.2.  Systematic sheeting variations

This section summarizes the results for the systematic sheeting vari-
ations described in Table 2. The investigated variables are the total pre-
dicted driving1 force, 𝐶𝑋 , and the yaw moment coefficient, 𝐶𝑀 . These 
were chosen due to their strong influence on overall vessel performance 
in a VPP. Errors in 𝐶𝑋 prediction lead to inaccurate speed expectations. 
Similarly, errors in yaw moment estimation result in under- or overes-
timating rudder angles, which can affect both vessel speed and maneu-
verability.

Figs. 4–7 present scatter plots of 𝐶𝑋 and 𝐶𝑀  at four different appar-
ent wind angles from sailing close hauled to beam reach. Tables 4 and 
6 present aggregated results for the prediction of the driving force co-
efficient. Tables 5 and 7 summarize the results of the prediction of the 
yaw moment.

4.2.1.  Sailing very close hauled 𝛽𝐴𝑊 = 15◦

An apparent wind angle of 15◦ corresponds to when a ship is sailing 
very close to the wind. Consequently, the total driving force, shown in 
Fig. 4(a), is relatively low. This is because the direction of the generated 
lift force is nearly orthogonal to the direction of the driving force. At 
this low apparent wind angle, the negative effect of the drag force on 
the driving force becomes considerable. However, the positive lift force 
projected in the 𝑥-direction (forwards) is more than twice as large as the 
drag force projected in the aft direction, resulting in a positive 𝐶𝑋 .

Up to the point of sail stall, the difference in 𝐶𝑋 between ISILL and 
the experiments is small for this apparent wind angle, with a mean ab-
solute error (MAE) of 0.007. The corresponding value for SILL is 0.019. 
In addition, ISILL correctly predicts the sheeting combination generat-
ing the maximum driving force coefficient (𝐶max

𝑋 ), B15A101520. There 
is a positive trend of applying the interaction model even for the sheet-
ing cases above the point of maximum driving force, despite the in-
creased disagreement between the experiments and the model in certain 
instances.

The yaw moment coefficient, 𝐶𝑀 , is shown in Fig. 4(b). Its minimum, 
𝐶min
𝑀 , is observed for a different sheeting case, B15A-50005, compared to 
the case of 𝐶max

𝑋 . For lower sail loading, with 𝛼2 fixed at 0◦, the effects 
of sail–sail interaction are minimal. However, as the angles of attack 
increase, the sail–sail interaction significantly impacts the yaw moment. 
This is due to the increased load on the forward sail and the decreased 
load on the aftmost sail.

1 Note that only the sails and no ship is present in the experiments; there-
fore, the driving force is defined in the longitudinal direction of an “imaginary” 
ship; since no drift is considered, this direction is assumed to coincide with the 
direction of motion.
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Fig. 4. Comparison of experimental and predicted driving force (𝐶𝑋) and yaw moment (𝐶𝑀 ) for 𝛽𝐴𝑊 = 15◦.

Table 4 
Predicted maximum driving force coefficient and corresponding angles of 
attack, sailing close hauled. The model with (ISILL) and without (SILL) in-
teraction effects considered is compared to the experimental results (WTT).

𝛽𝐴𝑊 = 15◦ 𝛽𝐴𝑊 = 30◦

𝐶max
𝑋 𝛼1 𝛼2 𝛼3 𝐶max

𝑋 𝛼1 𝛼2 𝛼3

WTT 0.155 10◦ 15◦ 20◦ 0.417 10◦ 15◦ 20◦

ISILL 0.161 10◦ 15◦ 20◦ 0.436 13◦ 15◦ 17◦

SILL 0.190 15◦ 15◦ 15◦ 0.452 15◦ 15◦ 15◦

𝑒𝐼𝑆𝐼𝐿𝐿 3.8% 0◦ 0◦ 0◦ 4.7% 3◦ 0◦ −3◦

𝑒𝑆𝐼𝐿𝐿 22.4% 5◦ 0◦ −5◦ 8.6% 5◦ 0◦ −5◦

4.2.2.  Sailing close hauled, 𝛽𝐴𝑊 = 30◦

At an apparent wind angle of 30◦ (Fig. 5), the driving force is nearly 
doubled due to the more favorable wind angle compared to 𝛽𝐴𝑊 = 15◦. 
The ISILL method effectively captures the general trend of the interac-
tion effect for different sheeting cases. In contrast, the SILL model, which 
does not consider interaction, predicts a higher driving force than the 
experiments in several cases. The most favorable sheeting configuration 
is found in the initial validation cases of each group, where the sheeting 
angle of Sail 1 is increased (i.e. 𝛼1 decreased) by 3◦–5◦ and the sheeting 

Table 5 
Predicted minimum yaw moment coefficient and corresponding angles of 
attack, sailing close hauled. The model with (ISILL) and without (SILL) in-
teraction effects considered is compared to the experimental results (WTT).

𝛽𝐴𝑊=15◦ 𝛽𝐴𝑊=30◦

𝐶min
𝑀 𝛼1 𝛼2 𝛼3 𝐶min

𝑀 𝛼1 𝛼2 𝛼3

WTT −0.529 15◦ 10◦ 5◦ −0.493 15◦ 10◦ 5◦

ISILL −0.536 15◦ 10◦ 5◦ −0.458 15◦ 10◦ 5◦

SILL −0.386 5◦ −0◦ −5◦ −0.346 5◦ 0◦ −5◦

𝑒𝐼𝑆𝐼𝐿𝐿 1.3% 0◦ 0◦ 0◦ −7.1% 0◦ 0◦ 0◦

𝑒𝑆𝐼𝐿𝐿 −27.0% −10◦ −10◦ −10◦ −29.7% −10◦ −10◦ −10◦

angle of Sail 3 decreased by 3◦–5◦ to compensate for the change in the 
local angle of attack. The ISILL method accurately predicts the decrease 
in driving force for cases 𝐵30𝐴131520–𝐵30𝐴201510, although the case 
with the highest total driving force is predicted to be 𝐵30𝐴131520 rather 
than 𝐵30𝐴101520, as indicated by the experiments.

A case of special interest is 𝐵30𝐴171717, where the ISILL method 
predicts that Sail 1 has begun to stall (𝐶𝐿 = 1.00). The model underes-
timates the positive effect of the sail–sail interaction, as the lift force 
(𝐶𝐿 = 1.33) is approximately 30% higher in the experiments. The rea-
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Fig. 5. Comparison of experimental and predicted driving force (𝐶𝑋) and yaw moment (𝐶𝑀 ) for 𝛽𝐴𝑊 = 30◦.

son behind the higher lift coefficient than the maximum 𝐶𝐿 seen for the 
single sail in Fig. 3 is that the local flow velocity is increased.

Consistent with the results for 𝛽𝐴𝑊 = 15◦, the difference is small 
when comparing the yaw moment predicted by ISILL and the experi-
ments. The agreement improves by considering the interaction effects, 
as can also be seen in Table 5.

For both close-hauled cases, it can be seen in Table 4 that the max-
imum driving force is reached at sheeting variation B15A101520 and 
B30A101520. This indicates that the sheeting variations were too con-
servative and that an even higher maximum driving force might be 
achieved by further adjusting the sheeting of Sail 1 and Sail 3.

The results show a bias deviation, where the driving force is slightly 
over-predicted with a mean absolute error of +0.013 for the cases up 
to 𝐶max

𝑋 . By studying the lift force coefficient for each sail it can be seen 
that the force on Sail 3 is systematically over predicted by ISILL with a 
mean signed deviation (MSD) of +0.052. The deviation occurs already 
at low angles of attack.

4.2.3.  Sailing at a close reach, 𝛽𝐴𝑊 = 60◦
As the sailing angle becomes more favorable, the generated driving 

force increases, and the interaction effects are less pronounced. Note the 
change in scale between Figs. 5(a) and 6(a). The prediction of the model 

Table 6 
Predicted maximum driving force coefficient and corresponding angles of at-
tack, sailing close and beam reached. The model with (ISILL) and without (SILL) 
interaction effects considered is compared to the experimental results (WTT).

𝛽𝐴𝑊 = 60◦ 𝛽𝐴𝑊 = 90◦

𝐶max
𝑋 𝛼1 𝛼2 𝛼3 𝐶max

𝑋 𝛼1 𝛼2 𝛼3

WTT 0.864 13◦ 15◦ 17◦ 1.001 17◦ 15◦ 14◦

ISILL 0.842 14◦ 15◦ 16◦ 1.005 17◦ 17◦ 17◦

SILL 0.870 15◦ 15◦ 15◦ 1.054 15◦ 15◦ 15◦

𝑒𝐼𝑆𝐼𝐿𝐿 −2.5% 1◦ −0◦ −1◦ 0.5% 0◦ 2◦ 3◦

𝑒𝑆𝐼𝐿𝐿 0.6% 2◦ −0◦ −2◦ 5.4% −2◦ 0◦ 1◦

is good up to the point of 𝐶max
𝑋  (B60131517) and the errors of ISILL and 

SILL (no interaction) are less than 2%, as presented in Table 6. In fact, 
the prediction of the maximum driving force is slightly better predicted 
by the SILL model, but not considering the interaction gives a large error 
in the yaw moment coefficient; see Table 7.

The general trend of decreasing driving force is predicted at higher 
angles of attack, but deviations increase drastically. This is also true 
for the prediction of the force distribution between the three sails, as 
indicated by the moment coefficients presented in Fig. 6(b).
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Fig. 6. Comparison of experimental and predicted driving force (𝐶𝑋) and yaw moment (𝐶𝑀 ) for 𝛽𝐴𝑊 = 60◦.

Table 7 
Predicted minimum yaw moment coefficient and corresponding angles of at-
tack, sailing close and beam reached. The model with (ISILL) and without (SILL) 
interaction effects considered is compared to the experimental results (WTT).

𝛽𝐴𝑊 = 60◦ 𝛽𝐴𝑊 = 90◦

𝐶min
𝑀 𝛼1 𝛼2 𝛼3 𝐶min

𝑀 𝛼1 𝛼2 𝛼3

WTT −0.261 15◦ 10◦ 5◦ −0.139 24◦ 19◦ 14◦

ISILL −0.260 15◦ 10◦ 5◦ −0.156 24◦ 19◦ 14◦

SILL −0.202 10◦ 5◦ 0◦ −0.147 24◦ 19◦ 14◦

𝑒𝐼𝑆𝐼𝐿𝐿 −0.2% 0◦ 0◦ 0◦ 12.0% 0◦ 0◦ 0◦

𝑒𝑆𝐼𝐿𝐿 −22.7% −5◦ −5◦ −5◦ 5.6% 0◦ 0◦ 0◦

4.2.4.  Sailing at beam reach, 𝛽𝐴𝑊 = 90◦

The results of the sheeting configurations at 𝛽𝐴𝑊 = 90◦ are presented 
in Fig. 7. Since the direction of the apparent wind is orthogonal to the 
𝑥-axis, the driving force is equal to the total lift force 𝐶𝐿. There is no 
leeward component of the lift force that contributes to the side force, 𝐶𝑌 , 
in the transverse direction.Therefore, sailing at beam reach generates 
the highest driving forces and the smallest yaw moments of all validation 
cases.

However, there is an effect of the interaction that results in a de-
crease in driving force compared to the case where the three sails are 
unaffected by each other. The change in the local angle of attack is 
small, but it has an effect on the local wind speed. The foremost sail ex-
periences an increase in wind speed, which has a positive effect on the 
generated lift. In contrast, the middle and aft sails experience a local
decrease in wind speed, and the generated lift force is reduced com-
pared to the case without interaction. ISILL predicts this behavior.

The absolute ISILL prediction of the maximum driving force corre-
sponds well to the experiments, but the predicted optimal sheeting an-
gles are incorrect. ISILL predicts the maximum driving force to occur for 
case B90A171717, with lift force coefficients from fore to aft 1.13, 1.01 
and 0.89. The corresponding values in the experiments for the same case 
are 0.76, 0.80 and 0.86. The foremost and middle sails have stalled in the 
experiments, but not when modeled by ISILL. The explanation for this 
deviation could be due to the interaction being modeled using potential 
flow. However, when the ISILL prediction is compared with IDDES CFD 
results, a high-fidelity CFD model in which viscous effects are included, 
both models show a similar trend. Xu, Malmek and Bensow (2025) re-
ports following lift coefficient values for Sail 1–Sail 3; 1.22, 1.06 and 
1.01.
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Fig. 7. Comparison of experimental and predicted driving force (𝐶𝑋) and yaw moment (𝐶𝑀 ) for 𝛽𝐴𝑊 = 90◦.

Another possible explanation for the deviation for case B90A171717 
is a hysteresis effect, which is not modeled in the simulations. In pre-
ceding runs, such as case B90A161718, Sail 1 and Sail 2 appear to have 
stalled in the experiments; in fact, Sail 2 stalled already for B90A121722. 
By studying the drop in lift force between 𝛼 = 16◦ and 𝛼 = 17◦ for the 
single-sail results in Fig. 3, it can be seen that there is a drastic change 
between these two angles (using ramped wind speed in-between test 
runs). As Sail 1 and Sail 2 have already stalled in the experimental runs 
preceding B90A171717, the positive effect of the interaction cannot gen-
erate a locally more beneficial angle of attack favorable enough to regain 
pre-stall characteristics.

The yaw moments plotted in Fig. 7(b) are small at low angles of 
attack. This is expected as the side force equals the drag force at 
𝛽𝐴𝑊 = 90◦, which is very small compared to lift force at these low an-
gles of attack. Additionally, the interaction between the sails is weaker, 
resulting in a more evenly distributed load over three sails. As the angle 
of attack increases, so does the drag force. This behavior is predicted 
by ISILL and SILL (no interaction), indicating that the drag is well pre-
dicted at higher angles of attack. As presented in Table 7, the percent-
age error in the minimum moment coefficient is higher for this appar-
ent wind angle, but it can be observed that it occurs for a case well 

above the point of stall and that the corresponding sheeting angles are
correct.

4.3.  Stall study - sheeting sweep with the mid sail

This section presents results for sheeting sweep with Sail 2, the mid-
dle sail. Sweeps are presented at two apparent wind angles, 𝛽𝐴𝑊 = 30◦

and 𝛽𝐴𝑊 = 90◦. The sheeting angles of the sails are set according to
Table 3.

The sheeting sweep results at 𝛽𝐴𝑊 = 30◦ are presented in Fig. 8, 
where the wind tunnel experiments are compared to the ISILL method 
and the SILL model (no interaction). The lift and drag coefficients for 
each of the three sails are shown: Sail 2 with full lines, Sail 1 with dashed 
lines and Sail 3 with dotted lines. Although only Sail 2 changes angle, a 
clear interaction effect is seen on the forces generated by Sail 1 and Sail 
3. For example, the lift force generated by Sail 3 is reduced by nearly 
20%, compared to when not considering the interaction, when Sail 2 
reaches 𝛼2 = 20◦. This behavior is captured by the ISILL method, yet 
a small error remains. The boundary layer correction (not shown in 
the figure) improves the predicted lift force on both Sail 1 and Sail 2 
by ca 6%, however, additional tuning of the model could possibly im-
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Fig. 8. Sail force coefficients when Sail 2 is swept from 12◦ to 30◦, sailing at an upwind apparent wind angle of 𝛽𝐴𝑊 = 30◦. Sail 1 and Sail 3 are fixed. The ramped 
sectional input data was used for 𝛼2 ≥ 25◦.

Fig. 9. Sail force coefficients when Sail 2 is swept from 12◦ to 25◦, sailing at an apparent wind angle of 𝛽𝐴𝑊 = 90◦. Sail 1 and Sail 3 are fixed. The ramped sectional 
input data was used for all angles of attack.

prove the prediction of the maximum lift force and the onset of stall
further.

In Fig. 8(a), it can be seen that even though Sail 3 is kept at a con-
stant angle of attack, its generated lift force drops in the case without 
interaction (SILL) when Sail 2 goes from 𝛼2 = 20◦ to 𝛼2 = 25◦. This is 
due to changing the input table in the model between the two angles, 
from the constant table to the ramped table. This change is done be-
cause the wind speed in the wind tunnel is lowered to 10m/s between 
experimental run, see the discussion in Section 3.1.

The sweep results at 𝛽𝐴𝑊 = 90◦ are presented in Fig. 9. For Sail 2, 
there is a ca 10% negative effect on the maximum lift coefficient due 
to the interaction, which is well captured by ISILL. ISILL does, however, 
somewhat overestimate the interaction effect on Sail 1 and Sail 3. As 
the lift force is overestimated for one sail and underestimated for the 
other, the prediction of the driving force is still good, as seen previously 
in Fig. 7(a).

Beyond the point of sail stall, ISILL, including interaction effects, fails 
to predict the drastic drop in lift force seen in the experiments for Sail 
2. This drop is better predicted by not including the interaction model. 
Investigations show that this difference is not caused by the boundary 
layer correction, which, as expected, has no effect (< 0.1%) on the force 
predictions at 𝛽𝐴𝑊 = 90◦. Neither is this difference due to the presence 
of wall mirrors. A likely explanation to the different stall behavior is 

that the angle of attack is constant over the entire sail span in SILL, 
whereas in ISILL there is a different, interaction dependent effective an-
gle of attack at each section. Without interaction, the entire sail stalls 
when 𝛼2 ≥ 17◦. Thus, using ISILL, the sail stalls gradually as each section 
reaches the stall criterion.

5.  Conclusions

This paper studies a rapid model for predicting sail–sail interaction, 
at various sheeting angles and apparent wind angles, against wind tun-
nel experiments. The emphasis has been on investigating the predictions 
and stability of the method around the onset of stall. Key findings in-
clude:

• Satisfactory prediction of stall onset. The ISILL method showed good 
correspondence with wind tunnel measurements for pre-stall angles 
and at the point of stall.

• Accuracy and method behavior post-stall. The method predicts the gen-
eral decrease in driving force after the point of stall, but in absolute 
values the errors increase drastically. There is no clear advantage of 
applying the interaction model in the post-stall regime, but both SILL 
and ISILL remain computationally stable.
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• Generation of sectional input data. The input of the method is calibra-
tion using 3D standalone sail data. The validation results show that 
this is a suitable approach, especially for predicting stall behavior.

Accurate predictions of maximum forces are key in establishing sys-
tem performance. To do so, the point of stall onset must be established. 
The ISILL method provides adequate predictions of the maximum driv-
ing force, the yaw moment, and the corresponding sheeting angles. The 
improvement compared to not considering interaction is especially large 
in upwind sailing conditions and most notably for the yaw moment. The 
results highlight that the sail–sail interaction needs to be considered in 
order to correctly establish the balance of a ship under sail. This affects 
the center of effort of the sails, requiring an increased rudder angle to 
counteract the sail forces.

The decreased accuracy of the model beyond the point of sail stall is 
expected of a lifting-line-based model, especially when considering the 
assumption of an elliptical lift distribution. The ISILL method should be 
used with care if applied in this regime. In practice, the sails should 
be ideally operated at pre-stall angles, both for optimal performance 
and safety. Therefore, the forces generated beyond the point of stall 
should have small implications in a standard VPP, predicting the sail 
performance route. However, the effect of stall may be present when 
simulating certain operating conditions, such as during a maneuver or 
when sailing in highly nonuniform inflow caused by, for example, wind 
gusts.

The approach of calibrating input data using 3D single-sail measure-
ments aligns with the practical use in performance prediction calcula-
tions, where standalone 3D lift and drag data are commonly given by 
technology providers. Sources of these data can be 3D CFD simulations 
or wind tunnel testing. The standalone input data may include effects 
of, for example, a sail foot-gap. It is also possible to use data from 3D 
full-scale sea trials with single sails or rotors to calibrate the input data, 
as suggested by Werner et al. (2021).

An additional conclusion is that including the boundary-layer cor-
rection suggested by Malmek et al. (2024) improves the predicted lift 
force coefficient and the onset of stall. In this paper, the correction co-
efficients were based on 2D CFD simulations, performed at a different 
scale but for the same geometry. In cases where sheeting sweeps are 
available, the method may be further calibrated for the specific case.

The experimental results presented in this paper can serve as an 
important validation case for further studies within the field of wind 
propulsion. However, there are indications that some blockage/inter-
action effects due to the tunnel walls were present in the wind tunnel 
experiments. This effect was compensated for in the ISILL method by 
introducing mirrors in the tunnel walls, and this correction affected the 
driving force coefficient by up to 8%. This type of blockage effect should 
be considered in future experimental setups and model validations using 
the experimental data. It has been beyond the scope of this current pa-
per to make further experimental data available, but the research group 
is actively undertaking initiatives to make them accessible.

Future studies should include how the performance of the method 
beyond stall can be improved, possibly by empirical corrections or dis-
regarding the assumption of an elliptical lift distribution. Another im-
portant topic to consider is how to compensate for the hull-sail interac-
tion. A current approach suggested in research (Kolk, 2021; Garenaux 
and Schot, 2021) and currently tested in the industry, for example at 
RISE, is to superimpose bare-hull induced velocities on the input wind 
profile that is fed into the lifting line model. However, further validation 
studies of this approach are needed.

Overall, the ISILL method has proven to be a robust and compu-
tationally efficient tool for predicting sail-sail interactions, in pre-stall 
conditions and at the onset of stall. Unlike other proposed non-linear 
lifting line (NLL) codes in a wind propulsion context, ISILL applies an 
assumed lift distribution, which reduces calculation time and ensures 
code stability post-stall. In addition, the use of input data calibrated by 
standalone sail measurements and a boundary layer correction further 

enhance the accuracy of the predictions. These features make the ISILL 
method a valuable tool in the design of wind propulsion systems and an 
enabler for further advances in sustainable shipping technologies.
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