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Aerodynamic Study of Multiple Wingsails with Co-Flow Jet Active Flow Control
PETTER ENGSTROM

Department of Mechanics and Maritime Sciences

Chalmers University of Technology

Abstract

Wingsails can be used as a means of reducing fuel consumption for maritime vessels.
To improve on their performance there are different methods available, one of which
is flow control. This thesis investigates how the co-flow jet (CFJ) active flow control
(AFC) technology can improve the aerodynamic performance of a wingsail based on a
NACA 0015 airfoil. The objective is to enhance thrust with minimal energy expenditure,
thereby improving the net power savings of the wingsail. The study was performed
using two-dimensional CFD simulations with the Unsteady Reynolds-averaged Navier—
Stokes (URANS) equations and the k-w Shear Stress Transport (SST) turbulence model.
The baseline airfoil was modified to accommodate the CFJ requirements, which include
injection and suction slots. A parametric study was performed on the resulting airfoil
to establish an appropriate jet momentum coefficient (C),), together with the size and
location of the slots. To make a direct comparison between a single CFJ and a baseline
wingsail, a one-sail configuration was studied. Results demonstrate a substantial increase
in thrust and net power savings for the CFJ wingsail. To study flow interactions between
multiple wingsails, a three-sail configuration was studied, mimicking a vessel equipped
with three wingsails. The study reveals that the wingsails are greatly affected by the
apparent wind angle, with substantial flow interactions between the sails. In all tested
conditions, the results demonstrate a significant improvement in propulsive performance.
The findings also highlight the importance of a C), distribution strategy, together with
individual adjustment of the angle of attack (AoA) of each wingsail. Overall, the CFJ
technology applied to a wingsail is highly effective in preventing flow separation and
improving performance over a wide range of operating conditions.

Keywords: co-flow jet, active flow control, wingsails, sail interactions, sustainable mar-
itime transportation, wind-assisted propulsion system.
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Nomenclature

Active Flow Control

Angle of Attack
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Mass-averaged velocity of the jet
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1

Introduction

This chapter introduces the background of the thesis. It starts with the importance of
reducing the fuel consumption in the marine sector and explains different methods for
doing so. The primary focus is on wingsails, the main theme of the thesis, and different
flow control methods to improve their performance. Lastly, the aim and methodology are
presented.

1.1 Background

Maritime transport handles 80% of all goods transported around the world and is respon-
sible for 3% of the global greenhouse gas emissions. Although the amount of greenhouse
gas per unit of transport work is relatively low, it is important to take action to pre-
vent further increases in emissions. There is a constantly growing number of ships in the
world. In January 2023, there were 105,493 ships in the world fleet with a gross tonnage
of 100 tons and above. This fleet grew by 3.2% in 2022, and has grown steadily since the
1990s. The fleet is also aging, with an average age of 22.2 years as of 2023. Decarbonizing
ships through the use of carbon-neutral fuels by 2050 is estimated to require a yearly
investment of between $28 and $90 billion, potentially increasing annual fuel costs by
70% to 100% [3]. Therefore, reducing fuel consumption is of great importance. There are
several ways to reduce the energy consumption of a ship. From a resistance mitigation
perspective, there are air lubrication systems that reduce the hull friction on wetted sur-
faces. From a propulsion enhancement perspective, energy can be extracted from the wind
to generate thrust. Popular wind propulsion technologies include rotor sails [4-6] based
on the Magnus effect, kites [7-9], and wingsails [10-14]. Unlike conventional yacht sails,
wingsails are rigid airfoil-shaped structures with higher aerodynamic efficiency and can be
automated and retrofitted to existing ships. Oceanbird is one company that is currently
developing such a system using multiple wingsails in a two-element setup. Their system
uses a NACA 0025 as the main element and a NACA 0015 as an actuated flap [15]. Two
of the aerodynamic challenges with wingsails are the interaction effects between the sails
and the limiting angle of attack due to stall. These issues can be mitigated with the help
of active flow control (AFC). The co-flow jet (CFJ) active flow control method, developed
by Zha et al. [16] has previously been studied in an aircraft context [17-21]. This thesis
investigates the CFJ method in a marine context.

1.1.1 Fuel reduction methods

There are multiple ways to reduce the fuel consumption of a ship, some of which are
briefly described in this section.
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Route planning

Optimized voyage planning can be split into two parts. Vessel-based optimization adjusts
the route according to the vessels characteristics, such as ship speed, engine rotational
speed, draft, trim and seekeeping behavior. Environmental-based optimization takes into
account wind speed and direction, wave height, frequency and direction, and the currents
[22].

Ship design

Fuel consumption can be reduced through various aspects of ship design. Regarding
the hull, four common areas exist to improve its design. Hull form optimization uses
techniques such as uncertainty analysis, operational research, and machine learning to
minimize water resistance while still meeting cargo capacity, machinery, and accommo-
dation requirements. Hull structure weight is reduced by optimizing the framework and
using lighter materials. Hull cleaning prevents biofouling, the buildup of marine organ-
isms on the hull that increases water resistance. Lastly, hull lubrication injects a layer of
air bubbles along the bottom of the hull to reduce frictional resistance between the hull
and water [23]. In terms of propulsion, diesel engines are the most common propulsion
system. They are under constant development to improve their efficiency. Other ways of
reducing their fuel consumption and emissions include hybrid electric systems using fuel
cells or batteries, alternative fuels such as liquefied natural gas (LNG), or wind-assisted
propulsion [24].

Wind-assisted propulsion

There are several ways to harness wind energy to assist ship propulsion. In addition to
the traditional yacht sail, there are several more modern alternatives. Rotor sails, also
referred to as Flettner rotors, are large vertical cylinders that utilize the Magnus effect
to generate thrust [4-6]. Kites harvest wind power by being tethered to the bow of the
ship, allowing the kites to capture wind energy at higher altitudes via control lines that
can be automated [7-9]. Another alternative is the wingsail. They are airfoil-shaped
rigid structures similar to an aircraft wing. Rather than being mounted horizontally to
generate lift, wingsails are oriented vertically to generate thrust. This thrust is derived
from a combination of lift and drag forces. Compared to traditional yacht sails, wingsails
offer a higher aerodynamic efficiency and do not require running rigging.

1.1.2 Lift enhancement for wingsails

An airfoil can only increase its lift by increasing its AoA until it stalls. When it reaches
its critical AoA flow separation occurs, reducing its performance. To overcome this issue
different flow control methods can be utilized to delay transition or prevent separation,
and therefore improve performance and extend the usable AoA range. Flow control can
be divided into two categories, passive control and active control.

1.1.2.1 Passive flow control

Passive flow control requires no power or control system and manipulates the flow through
geometrical features such as vortex generators, slats, and flaps. Vortex generators have the
shape of small aspect ratio airfoils. By creating vortices they mix a high momentum flow
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into the near-wall flow to increase the boundary layers resistance to separate. A drawback
is that they introduce parasitic drag which also reduces the performance in conditions
when they are not needed. Flaps and slats are additional aerodynamic surfaces mounted
at the leading and trailing edges, usually integrated into the airfoil design. Besides being
able to change the chord and camber of the airfoil, they direct high energy air through
the slots they create onto the aerodynamic surfaces [25].

1.1.2.2 Active flow control

Active flow control methods require an external power source to function and need a
control system. A benefit over the passive systems is that they can be adjusted or disabled
depending on the what the conditions demand. A few different methods will be discussed
in this section.

Plasma actuator

Plasma actuators are flow control devices that manipulate the boundary layer with the
help of electrohydrodynamic (EHD) forces. By introducing a strong electric field, plasma,
is created through a process called ionization, producing particles with negative and posi-
tive charge. These ions move under the influence of the electric field and adds momentum
to the airflow. Several types of plasma actuators exist, one of the most common for flow
control is the dielectric barrier discharge (DBD) variant. It consists of two electrodes,
one exposed and one embedded with a dielectric layer in between, as illustrated in Fig.
1.1. The electrodes are placed on the suction side near the leading edge of an airfoil. At
activation a wall jet forms along the surface, energizing the boundary layer. Advantages
of plasma actuators include their lack of moving parts, fast response time and low power
consumption [26,27].

Induced flow

Exposed electrode
[

—

4l ] Dielectric layer

Embeded electrode /

Figure 1.1: Schematics for a DBD plasma actuator.

Co-flow jet

The flow control method investigated in this thesis is the co-flow jet (CFJ) technique.
It adds an injection slot close to the leading edge of the airfoil together with a suction
slot close to the trailing edge, illustrated in Fig. 1.2. A jet is injected tangentially to the
airfoil surface from the injection slot. An equal mass flow is withdrawn through the suction
slot to achieve zero-net-mass-flux (ZNMF). The injected jet and the main flow interact,
creating a turbulent shear layer which results in strong turbulent momentum diffusion and
mixing. This enables the main flow to overcome the adverse pressure gradient created
at high AoA and attaches the flow to the surface [28]. As a ZNMF system, the CFJ
method does not introduce additional mass into the flow, instead it recirculates the same
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air. The energy expenditure is only for driving the micro-compressor required to maintain
the pressure difference between the two slots.

/V/Hﬂ\)\)\)\)

Micro-compressor

\ Injection Suction —>
Figure 1.2: Schematic of a CFJ airfoil.

1.2 Aim

The aim of this thesis is to develop a fundamental understanding of how the co-flow
jet affects the airflow around a NACA 0015 airfoil. This includes investigating how the
intensity of the jet affects its aerodynamic properties and how the injection and suction slot
locations and sizes affect the different performance parameters. Furthermore, a secondary
objective is to study the aerodynamic interactions within a three-sail configuration, and
whether there is any difference in behavior between a baseline airfoil and one equipped
with CFJ.
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1.3 Methodology

The thesis starts with creating a baseline NACA 0015 setup in the simulation software,
which is used for validation and as a base for the following simulations. The next step is
to modify the baseline airfoil design with CFJ ducts and to update the simulation setup
to the changes required by the CFJ implementation. Subsequently, a parametric study
is conducted to find an optimal configuration for the jet momentum coefficient and the
design of the slots. This configuration is then adopted for a one-sail case where both
the baseline and CFJ airfoils will be compared to each other. A three-sail configuration
will also be studied to investigate how CFJ affects the flow interaction between the sails.
These steps are illustrated in Fig. 1.3.

Baseline NACA 0015

Y
Validation

Y
NACA 0015 CFJ

\ 4

Parametric studies

\ 4 \ 4

One-sail configuration Three-sail configuration

v

Baseline vs. CFJ comparison

Figure 1.3: Methodology flow diagram.

1.4 Delimitations

Each of the five parametric studies is evaluated across a range of AoA, requiring a large
number of simulations. The three-sail configuration further increases the computational
demand. To reduce computational costs, all simulations are conducted in 2D using RANS.
The simulations are additionally limited to only the wingsails themselves, with neither
the hull nor the superstructure taken into consideration.



1. Introduction




2

Theory

This chapter presents the fundamental theories and equations of fluid dynamics, the
turbulence model, and the solver used in the simulations. It also introduces sailing related
terms and physics. Lastly, the basic principles of flow control are explained, and the
additional equations required for CFJ are presented.

2.1 Governing equations

The governing equations in fluid dynamics are a set of equations that describe the behavior
of the motion of a fluid and how its properties change in space and time. Their main
purpose is to enforce the conservation laws of physics.

Conservation of mass

The continuity equation represents the conservation of mass. It states that the rate of
increase of mass in a fluid element equals the net flow of mass into the element, given by,

8p an

o om 21)

where p is the density, v; the velocity in the x direction, and ¢ the time.

Conservation of momentum

The momentum equation is derived from Newton’s second law of motion applied to a
fluid element. It states that the rate of change of momentum equals the sum of all forces
acting on the element, given by,

where P is the pressure, 7j; is the viscous stress tensor, and f; is the body force per unit
mass in the z; direction.

(%Z- _ 813 aTji

Conservation of energy

The energy equation states that the rate of change of internal energy equals the work
done by stresses and the net heat flux of the fluid element, given by,
du ov;  0g;
= O0jiy T )
p dt / (%j 8902
where u is the specific internal energy, oj; is the stress tensor, and ¢; is the heat flux
vector.

(2.3)
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2.2 SST k-w turbulence model

The simulations utilize the Shear-Stress Transport (SST) k-w model, which is a two
equation turbulence model where k is the turbulent kinetic energy and w is the specific
dissipation rate [29]. The model combines the k-¢ and k-w models by taking advantage of
the lower sensitivity of k-e in the freestream, while switching to k-w in the near-wall re-
gion to better handle adverse pressure gradients. A blending function is used to transition
between the models and to avoid instability from differences in the eddy viscosity formu-
lation. The transport equations for turbulent kinetic energy and the specific dissipation
rate are, respectively,

gt(pk) V- (k) = V- (1 + 0 )R] + o — pB" fie (w0 — wogo) + Sk, (2.4)

ng(pw) + V- (pwv) =V - [(1t 4 0w, ) Vo] + Py, — pﬁfﬁ(WQ — wp) + S, (2.5)

where p is the density, p is the dynamic viscosity and p; is the turbulent eddy viscosity,
o and o, are diffusion constants, wy and kg are source terms, P, and P, are production
terms, 5%, fg-, 3, and fsz are closure constants.

The kinetic energy is given by,

3

h=3

ur)?, (2.6)

where U is the mean flow velocity and I the intensity. The turbulent dissipation rate is
given by,

kO.S

wo B (2.7)
051

where C), is a turbulence model constant and [ the turbulent length scale.

2.3 SIMPLE pressure-velocity coupling algorithm

The Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) is an algorithm used
to numerically solve the Navier-Stokes equations [30]. Figure 2.1 illustrates a flowchart
for the algorithm in two dimensions. First, an initial guess for the velocities and pressure
is made. Step 2 solves the momentum equations for the two velocities using the current
pressure field, continuity will not be satisfied at this step. Step 3 solves the pressure
correction by enforcing continuity on the velocities. Step 4 updates the pressure and
velocities with the new values, and finally the transport equations are updated. The
algorithm repeats until convergence has been satisfied.

8
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Start

v

1. Initialize fields
Set u, v and p to initial guess

v

2. Predictor step
Solve momentum equations

Chupy=> Chuy+ Ay (P — P,) + 5"
n

Y

Covp=> Civ,+ Ay (P, —P)+ 5"
3. Corrector step
Solve pressure correction equations

n

CPPy=) CLP,+5S”

v

4. Update pressure and correct velocities

P=P*+P
up =uy + Ay (P, — Py)

”p:v;+A;(P;’_PI;)

v

5. Solve transport equations

Chop =2 Clon+ S

No Converged?

Yes

\ 4
End

Solution converged

Figure 2.1: Flowchart for the SIMPLE algorithm.
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2.4 Wind and force definitions

In sailing, three wind speeds are of interest. The true wind speed (TW.S) is the actual
wind speed measured relative to a fixed point. The wind induced by the motion of the
ship is equal to the speed of the ship but in the opposite direction, is denoted V. The
combination of TWS and V' produces the apparent wind speed (AW.S), which is the
wind experienced by an observer moving along with the ship. The relationship between
these three wind vectors is illustrated in Fig. 2.2. Both TWS and AWS have their
corresponding angles in relation to the heading of the ship, the true wind angle (AW A)
and the apparent wind angle (AW A), respectively. In this illustration, the leeway of the
ship, the sideways drift caused by the wind pushing on the sails, is not considered.

TWA
\

AWS vV

Figure 2.2: The wind velocity triangle.

The AW'S is given by,

AWS = \/V2 + TWS? + 2V - TWS - cos(TW A), (2.8)
and AW A by,

(2.9)

AW A = arctan ( TWS - sin(TWA) ) :

V+TWS - cos(TWA)

The two primary forces that act on an airfoil are lift and drag. The lift acts in the
direction normal to the approaching wind, whereas the drag acts parallel to it. These
force vectors can be decomposed into thrust and side force components. The thrust is the
force that propels the ship forward, whereas the side force, acting perpendicular to the
ship, induces lateral drift. Figure 2.3 presents a top-view illustration of three wingsails
(WS). The coordinates x and y denote stream-wise and normal directions, respectively.
a is the angle of attack (AoA), defined as the angle between the apparent wind direction
and the chord line. It is adjusted by rotating the wingsails about their quarter chord
position. 3 is the apparent wind angle (AWA), defined as the angle between the direction
of the ship and the wind. s is the sheeting angle, defined as the angle between the sail
and the centerline of the ship. (', and Cp are the lift and drag force coefficients, acting
in the directions of x and y. C'r and Cg are the thrust and side force coefficients along
the ship and perpendicular to the ship, respectively.

10
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Figure 2.3: Definition of the coordinate system and the acting force coefficients.

2.5 Co-flow jet equations

To correctly calculate the lift and drag forces for a CFJ airfoil, the contribution of the jet
must be accounted for in addition to the viscous and pressure forces used for a standard
airfoil. This section introduces the equations required for the CFJ force calculations and
the methodology to obtain them.

2.5.1 Jet momentum coefficient
To quantify the intensity of the jet, the jet momentum coefficient C), is used, defined as,

;V,

= JJ 2.10
K 0.5p0 UL S’ (2.10)

where 10, is the injected mass flow, V; is the mass-averaged velocity of the jet, p, and
U the density and velocity of the freestream, and S denotes the planform area of the
airfoil.

2.5.2 Lift and drag forces

By performing a control volume analysis on the CFJ airfoil, the equations for the reac-
tionary forces generated by the slots can be derived [31]. In Fig. 2.4, the control volume
for the CFJ airfoil is illustrated. Applying the momentum equation on this volume gives,

SF=[[pv-ds-v. (2.11)

11
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a b
—>
p] p2
P P,
VI V2
—>
X
i h

Figure 2.4: Control volume for a CFJ airfoil.

Equation 2.11 describes the resulting force acting on the control volume as a function of the
momentum flux through its boundaries. Taking only the z-direction into consideration,
one gets,

- peAe +pooAOO + (plejl)z - (ijAJQ)x + Rx
b a
= /h pVe dyVe — / pVOOdyVOO — mjluﬂ + ijUjZ-

Here, R, denotes the pressure and shear stress integral caused by the airfoil in the control
volume. Since the freestream pressure and area equal the control volume exit values,
Pe = Poo and A, = A, they cancel out the first two terms on the left-hand side of
the equation. The reactionary force in the z-direction generated by the slots, F, cry, is
obtained by applying the momentum equations to a control volume defined between the
injection and suction slots,

(2.12)

Fyory = [mjuj + (pj1Aj)z) — 7 [iyauge + (pj2Aj2).)

2.13
= (m;Vji +pjAj) - cos(0r — a) —v(m;Viz + pjaAja) - cos(fa + ), (2.13)

where + is the suction coefficient. Combining F, cr; with the surface drag R,, the total
drag D is obtained using Newton’s third law,

D:_(Rx—i_Fx,C’FJ):R;_Fx,CFJa (214)

where R, = —R, is the CFJ airfoil surface pressure and shear stress integral in the
x-direction. Substituting Eqgs. 2.12 and 2.13 into Eq. 2.14 gives,

a b
D=R. — Fyopy = / PViedyVao — / oV, dyV. (2.15)
i h
Since this is a zero-net-mass-flux method, injection and suction mass flow rates are equal,

T = s, (2.16)

which together with mass conservation across the control volume,

12
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a b
/ pVoody=/ pVe dy, (2.17)
i h

allows Eq. 2.14 to be simplified to,

b
D=R. —Fycpy= /h oV, (Ve — V2 dy. (2.18)

In the same manner, the y-direction reaction force is,

Fycory = {mjlvjl + (plejl)y} - [mj2vj2 + (ijAJQ)y}

(2.19)
= (m;Vj1 + pj1 ;1) sin(6r — ) + v (11 Vg + pjad;e) sin(f; + a),

and the total lift is,
L =R, ~ F,crJ, (2.20)

where R is the y-direction surface pressure and shear stress integral. Equations 2.19 and
2.20 give a few insights:

« The injection reduces lift when v;; > 0 and increases lift when v;; < 0, although its
overall effect on lift is small.

» The suction almost always has the effect of decreasing lift due to the F, cr; penalty.

e The injection reduces drag due to the jet thrust, while the suction increases drag.

e Despite the individual penalties of suction on lift and drag, the suction enhances
circulation, increasing R, and reducing R,. The net benefit outweighs the penalty,
resulting in higher lift, lower drag, and a net performance gain for the CFJ airfoil.

2.5.3 Power consumption

The power consumed by the CFJ micro-compressor is determined by the total enthalpy
difference between the injection and suctions slots, respectively,

P =i (Hy — Hp) , (2.21)

where H;; and Hy are the total enthalpy for the injection and suction slots. Using
isentropic relations the power can be expressed as,

} T -1
p = MGl (Ptm - 1> , (2.22)
77

where C), is the specific heat at constant pressure, Ti, is the total temperature in the
suction slot, 7 is the efficiency of the micro-compressor and Ptr is the total pressure ratio
between the injection and suction slots. To allow for comparison, the power consumption
is nondimensionalized to the power coefficient P,,

P

= —
%pooUgoAref

(2.23)

where A,.s is the reference planform area of the airfoil.
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2.5.4 Corrected aerodynamic efficiency

The lift-to-drag ratio, also referred to as aerodynamic efficiency, is the lift generated by
an airfoil divided by its drag. It is a measure of how effectively it generates lift relative
to its drag, and is traditionally defined as,

L

o (2.24)
For a CFJ airfoil Eq. 2.24 still applies, but since the CFJ micro-compressor consumes
energy this must be accounted for in order to allow a fair comparison. By adding the
power coefficient to the denominator in the previous equation, the efficiency is now defined

by Eq. 2.25, and is referred to as the corrected aerodynamic efficiency,

Ly (g
<D > c N Cp+ PC’
where C, and Cp include the contributions from both the airfoil surface and the reaction
forces from the CFJ slots derived previously. Therefore, the corrected aerodynamic effi-
ciency provides a more comprehensive measure for performance, penalizing configurations
that generate high lift through high power consumption [17].

(2.25)
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3

Methods

This chapter goes through the methodology used in this thesis, including how the airfoils
are designed, how the simulations are set up and the configuration of the mesh.

3.1 Airfoil design

One of the challenges with sailing is that the sails must be able to operate in any wind
direction. A traditional yacht sail flexes and adjusts its camber depending on whether the
wind comes from port or starboard, this adaptability is not possible with a rigid wingsail.
The closest equivalent to a traditional sail would be an asymmetric airfoil, such as the one
seen in Fig. 3.1a. However, since the thrust generated by a wingsail is primarily lift-based,
the asymmetric shape only allows for positive lift generation in half of the azimuth angles,
the first 180 degrees, illustrated in the same figure. Under port side wind, the asymmetric
airfoil produces drag and negative lift, hence the thrust will be in an undesirable direction.
To overcome this limitation, a symmetric airfoil can be used, which can generate positive
lift across all azimuth angles, as shown in Fig. 3.1b.

Heading

360° 0°

/ Starboard
wind

Port side

wind Asymmetric airfoil

180° 180°

(a) Asymmetric airfoil (b) Symmetric airfoil

Figure 3.1: Working ranges of the asymmetric and symmetric airfoils.

In this study, two different airfoils are used, one standard NACA 0015 and a CFJ variant,
which is a modified NACA 0015 with slots for injection and suction.

3.1.1 NACA 0015

For the baseline cases, the NACA 0015 airfoil is used. This profile is employed as a flap
element by Oceanbird in their wingsail setup [15]. The NACA 0015 is a symmetric airfoil
with a maximum thickness of 15%C. The airfoil geometry is generated by calculating
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coordinate points using Eq. 3.1, where t is the maximum thickness, and x and ¥, the co-
ordinates. The resulting points are imported into the CAD software, where the geometry
is created using a spline function. As the equation does not generate a closed trailing
edge, a semicircle is added to enclose the line that shapes the airfoil.

Yy, = 5t (0.2969\/_ —0.1260x — 0.35162% + 0.28432° — 0.10151:4) (3.1)

Figure 3.2: The NACA 0015 airfoil.

3.1.2 NACA 0015 CFJ

To create an initial CFJ airfoil design, the NACA 0015 was modified to accommodate
CFJ requirements. The suction surface is displaced 0.01%C into the airfoil. An injection
slot is created at 4%C with a slot size of 0.5%C, and a suction slot at 80%C with a slot
size of 0.8%C. To describe the design of the different CFJ airfoils more conveniently, a
naming scheme is used. The aforementioned airfoil is designated i04-050-s80-080. To
simplify the geometry, the airfoil has injection and suction slots on one side only. In a
real world application, the wingsail would have slots on both sides, with the inactive slots
closed off by flaps.

Figure 3.3: The NACA 0015 CFJ airfoil.

3.2 Simulation setup

Figure 3.4 illustrates a top-down view of two different wingsail configurations, one with a
single sail and the other with three sails. The three-sail configuration has a mast-to-mast
spacing of 1.895%C. The ship in the background is added only to facilitate understanding
and is not part of the simulations. For a full description of the figures, see Section 2.4.
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(a) One-sail configuration. (b) Three-sail configuration.

Figure 3.4: Definitions of the coordinate system and force coefficients for the different
configurations.

The micro-compressor that is embedded inside the wingsail, illustrated previously in
Fig. 1.2, is not simulated. Instead, it is numerically treated by applying a mass flow
inlet boundary condition on the vertical surfaces inside the two slots, as indicated by
Fig. 3.5.

-~ Boundary conditions _—>

Figure 3.5: NACA 0015 CFJ boundary conditions.

3.2.1 Mesh and boundary conditions

The computational domain consists of a circle with a radius of 30C, and the wingsail
is placed with its quarter-chord in the center of the domain. A velocity inlet boundary
condition is applied on the left semi-circle, and a static pressure outlet is applied on the
right, as seen in Fig. 3.6. The no-slip boundary condition is applied to the wingsail surface.
The Reynolds number is 7.35x10°, corresponding to a freestream velocity of 25 m/s. The
domain is meshed with a polygonal mesher with a prism layer. The first layer height
is 4.2x107% m to ensure a Y+ value below one, and the prism layer thickness is set to
3x107% m to capture the boundary layer. Trailing the wingsail are two wake refinement
regions. A finer region with a length of 4C, and a coarser region with a length of 25C.

17
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Outlet

Figure 3.6: The computational domain.

Starting from a baseline mesh of 99217 cells, a finer and a coarser mesh is generated for
the mesh independence study, as shown in Figure 3.7. This is achieved by varying the
number of points around the airfoil and adjusting the cell size in the whole region by using
the base-size adjustment function in the simulation software. As shown in Tab. 3.1, the
coarse and fine meshes have a mesh-size variation of about 50%. The Cr, and Cp predicted
at 8.13° show only minor variation between the meshes, confirming mesh independence
and the fact that the initial mesh resolution is sufficient.

) Baseline ) Fine ) Coarse

Figure 3.7: Different mesh refinement densities at the trailing edge for a baseline NACA
0015 airfoil.

Table 3.1: Number of cells, lift and drag coefficients for the different meshes.

Cells Airfoil faces CL ACL CD ACD

Baseline 99217 861 0.816 0.0181
Fine 150783 1262 0.818 +0.3% 0.0180 —0.6%
Coarse 53440 464 0.807 —1.1% 0.0185 +2.2%
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3.2.2 Solver

The simulations are conducted using the Siemens Simcenter Star-CCM+ CFED software.
The flow is modeled in 2D with Unsteady Reynolds-averaged Navier—Stokes (URANS)
due to the unsteady nature of the flow. The shear stress transport (SST) k-w is chosen
as a turbulence model. Both the convective and diffusive fluxes are evaluated using a
second-order central differencing scheme. The implicit unsteady solver with the second-
order Euler implicit scheme is used to approximate the transient term. The physical time
step (At) is 2x107% s.
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Results

The results are divided into four parts. The first part validates the baseline airfoil against
the experimental data. The second part covers the CFJ airfoil design process, examining
parameters such as C, and slot locations and sizes. The third part examines a one-sail
configuration with CFJ enabled and compares it to a standard airfoil without a lift-
enhancing mechanism. Finally, part four builds on the previous part by introducing two
additional sails in a three-sail configuration.

4.1 Validation

The setup is validated using experimental wind tunnel data from Ref. [32]. This validation
is conducted with a single baseline NACA 0015 airfoil at a Reynolds number of 7.35x10°,
while the experimental data uses a Reynolds number of 6.8x10%. Figure 4.1 shows a
comparison of C and Cp over an AoA range of 0° to 20°. For an AoA up to 12°, C},
agrees well with the experimental data. However, as the AoA increases, so does the
discrepancy, suggesting URANS’s limitation in predicting highly separated flows.

1.4

0.2
2l 0.18
B 0.16
¢ Ta '
1 A"A 1
, 0.14
0.8 F ] 0.12 |
~
&} ¢ : S oaf
0.6 &
0.08
0.4t ; g < 0.06 |
0.04
0.2} 1
=——H8— CFD - Baseline 0.02 +
~++-L+++ EXP - Sheldahl 3
or ‘ : : 0
0 5 10 15 20
« «
(a) Lift coefficient (b) Drag coefficient

Figure 4.1: Lift and drag coefficients comparing the CFD and experimental data.

The pressure coefficient distribution (C,), normalized using Eq. 4.1, is also used for valida-
tion. Figure 4.2 shows the C, distribution at an AoA of 8.13°, which is in good agreement
with the experimental data [33].
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Figure 4.2: Mean pressure coefficient distribution for baseline NACA 0015 at 8.13° AoA.

4.2 Jet momentum coefficient study

To determine a suitable value for C,, a parametric study was conducted in which C), was
varied across different AoA. The AoA was increased in 5° steps between 10° and 35°, while
(), was varied in increments of 0.025, between 0.050 and 0.125. The airfoil configuration
used was the initial design, 105-050-s80-080 (see section 3.1.2 for the naming convention).
The results of this study are presented in Fig. 4.3, showing C, Cp, P. and (Cr/Cp)/c as
functions of AoA and C),. For the lowest value, C,, with a value of 0.05, CFJ reaches its
maximum C7, before flow separation at the same AoA as baseline, but with a 36% increase
in lift and a 36% reduction in Cp. The corresponding P, is 0.043. The general trend is
that increasing C, leads to a higher Cj, across all AoA. At lower AoA, where the flow
remains attached, the increase is relatively low. The primary benefit arises at high AoA,
where flow separation is delayed, allowing for operation at a higher AoA and results in a
significant lift increase. At lower AoA, the reduction in Cp is likely due to the injected
jet, whereas at higher AoA, the dominant contribution to drag reduction is reattachment
of the flow. As expected from Eq. 2.23, P, increases with increasing C), across all AoA.
For each case, P. decreases with increasing AoA until flow separation occurs, after which
it increases. The conclusion is that a C), value of 0.10 provides a good balance between lift
enhancement and power consumption. This corresponds to a maximum AoA of 25° before
flow separation, representing an increase of 10° compared to baseline. At this condition,
Cr, increases by 119%, while Cp increases by 40%.
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35 v . . .

(c) Power coefficient (d) Corrected aerodynamic efficiency

Figure 4.3: Aerodynamic coefficients for variations of C,.
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4.3 CFJ parametric design study

To investigate the possibility of improving the performance of the CFJ airfoil design, a
parametric study was conducted in which the locations and sizes of the injection and
suction slots were varied. The initial design had a suction location at 80%C, a suction
slot size of 0.8%, an injection slot location at 4%C and an injection slot size of 0.5%C.
The C), was fixed at 0.1 for all cases, based on the results of the preceding study. An AoA
range of 10° to 35° was selected to cover the relevant range before and after stall. Four
performance parameters are evaluated, Cp, Cp, P. and (C1/Cp).. Among these, Cf, and
P, were considered to be of greatest interest. C because the increase in lift is the main
contribution to enhancement of thrust, and P, to assess the efficiency of the system and
is therefore desirable to minimize.

4.3.1 Suction slot location study

The first slot study starts with the same airfoil used in the C), study, i05-050-s80-080.
The location of the suction slot is varied between 75%C, 80%C and 85%C. The results
are presented in Fig. 4.5, showing Cp, Cp, P. and (CL/Cp).. Between 10° and 25° AoA,
the 85%C slot sees a slight reduction in Cf, of 1% or less. However, it achieves a higher
maximum C, of 2.8 at 30° AoA, which is not reached by the other configurations. As
shown in Fig. 4.4, having the slot closer to the point of separation appears to be beneficial.
At 25°, the 75%C location reduces Cp by 4.7% compared to the 80%C case, P. is also
reduced across the AoA range between 10° and 30°, with a reduction of 1.7% at 25° AoA.
In contrast, the 85%C slot increases C, by 0.8%, but also Cp by 5.1% and P. by 1.9% at
the same AoA. The 75%C location is selected as the most favorable configuration due to
its ability to maintain attached flow at a higher AoA while reducing P., with a minimal
penalty in C.

(a) 75%C slot location (b) 80%C slot location (c) 85%C slot location

Figure 4.4: Three different trailing edge slot locations at 30° AoA.
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Figure 4.5: Aerodynamic coefficients for the suction slot location study.
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4.3.2 Suction slot size study

By adopting the new location selected in the previous study, the airfoil configuration is
updated to 105-050-s75-080. In this study, the effect of the suction slot size is investigated
by comparing the sizes 0.8%C, 1.2%C and 2.0%C. According to Fig. 4.7a, increasing the
slot size has a negligible effect on Cp. At 25°, the increase is within 0.2% for both larger
slots compared to the 0.8%C size. In contrast, Cp decreases with 19% and 31% for 1.2%C
and 2.0%C configurations, respectively. The slot size has a significant impact on P.. At
25° AoA, P, decreases by 13% and 16% for the 1.2%C and 2.0%C sizes, respectively.

This large difference can be explained with the term (Ptrj%l) in Eq. 2.22. As the slot
size increases, the velocity within the slot decreases, as indicated by Fig. 4.6, leading to
an increase in pressure. This results in a lower pressure ratio, and due to the exponent
involving v, P, becomes very sensitive to small changes to the compressor inlet pressure.
Further studying Fig. 4.6 shows that a larger slot size creates a recirculation region along
the upper horizontal and downstream vertical walls within the slot. This suggests the
need for a more efficient slot design. Due to the low P, and small C'p decrease, with a
minimal increase in Cf, the 2.0%C slot size is chosen as the best alternative in this study.

(a) 0.8%C slot size (b) 1.2%C slot size (c) 2.0%C slot size

Figure 4.6: Three different suction slot sizes at 30° AoA.
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Figure 4.7: Aerodynamic coefficients for the suction slot size study.

4.3.3 Injection slot location study

In this study, the location for the injection slot is investigated at the 3%C, 4%C and
5%C locations. For AoA between 10° and 25°, the 3%C slot location has a reduction
of P, between 2% and 9%, compared to the 4% slot size. In the same range, it has
a slight reduction in lift, with a maximum decrease of 1.7%. Cp is marginally higher,
with a maximum increase of 13% at 25° AoA. Despite the lower Cp and higher Cp,
(CL/Cp). is improved due to the large reduction in P.. At higher AoA, above 25° the
3%C configuration reaches its maximum angle before flow separation occurs. In contrast,
the 4%C and 5%C configurations maintain attached flow up to 35°, resulting in a higher
achievement of C';. This indicates that positioning the injection slot further downstream
is advantageous for higher AoA operations. Focusing on the results at 25° AoA, as done in
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the previous slot studies, the the 3%C configuration can be considered the most favorable
due to its lower P, across a wide range of AoA. However, as indicated by the graph in
Fig. 4.8a, this configuration operates close to stall. Therefore, the 4%C configuration
represents a good alternative for high AoA operations. The illustrations in Fig. 4.9 show
a small separation area immediately upstream of the injection slot. Moving the slot
downstream further increases the separation.
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Figure 4.8: Aerodynamic coefficients for the injection slot location study.
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(a) 3%C injection slot location (b) 4%C injection slot location (c¢) 5%C injection slot location

Figure 4.9: The three different injection slot locations at 30° AoA.

4.3.4 Injection slot size study

In this final configuration study, three injection slot sizes are tested at 0.4%C, 0.5%C
and 0.6%C. As shown in Fig. 4.10a, a narrower slot results in a higher maximum C;, and
delays stall onset to a higher AoA. At 30° AoA, the 0.4%C slot achieves a Cp of 2.98
with a P, of 0.13. At 25° AoA, the 0.4%C slot size achieves a Cf, of 2.56, which is 14%
lower than the 0.6%C configurations, while reducing P. by 43%. Increasing the slot size
leads to a higher mass flow rate but a lower injection velocity, which reduces the required
total pressure ratio to power the micro-compressor. According to Eq. 2.22, the power
coefficient is linearly dependent on 7 and exponentially dependent on Ptr. As a result,
larger slot sizes lead to a reduction in P., as shown in Fig. 4.10c. The injection slot size
of 0.6%C is selected as optimal due to its balance between low Py and relatively high C7,
which is reflected in the favorable corrected aerodynamic efficiency shown in Fig. 4.10d.
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Figure 4.10: Aerodynamic coefficients for the injection slot size study.

The final CFJ airfoil design has the parameters i03-060-s75-200, which compared to the
initial design i05-050-s80-080, has both slots enlarged and moved upstream. As a result,
Cr, is reduced by 7.0% and Cp increased by 6.4%, while P, is reduced by 40.6% with a
(CL/Cp). increase by 26.6%.

4.4 One-sail configuration

The parametric study concluded that the optimal design for the CFJ wingsail has the
parameters i03-060-s75-200. It operates at its maximum performance at 25° AoA with a
C,, of 0.1. Compared to the baseline case operating at 15° (maximum C,), C}, is increased
by 104% from 1.26 to 2.56, while C'p is increased by 49%, from 0.038 to 0.056. Figure 4.11
compares the velocity contours of the baseline case at 15° and 25°, together with the CFJ
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case at 25° AoA. As shown in Fig. 4.11a, the baseline case has a slight flow separation
emanating from the trailing edge. As the AoA increases to 25° the flow separation now
extends all the way to the leading edge, covering the entire airfoil. Comparatively, the
application of CFJ in the optimum configuration fully attaches the flow at the same AoA,
as shown in Fig. 4.11c.

(a) Baseline: 15° (b) Baseline: 25° (c) CFJ: 25°, C), of 0.1

Figure 4.11: Comparison between the baseline and CFJ airfoils, with an AoA that corre-
sponds to the optimal AoA determined in the one-sail configuration study.

The aerodynamic performance of the optimal CFJ configuration is projected onto the
wingsail performance by plotting the thrust coefficient (C7) and the power-savings coef-
ficient (PS) on a polar chart as shown in Fig. 4.12. Due to the symmetric nature of the
airfoil, only one half of the polar chart is shown. The PS represents how much power is
generated by the wingsail propulsion that can be used to offset engine power output for
fuel savings. As illustrated in Fig. 3.4a, the AWA represents the heading of the ship rela-
tive to the wind. For each AWA in the polar chart, both the baseline and CFJ wingsails
are kept at their respective optimal AoA, corresponding to the maximum C7,, 15° and 25°
respectively. Cr is the decomposition of C';, and Cp to the heading of the ship. The total
power-savings coefficient, P.S;., is defined as the product of Cp and the non-dimensional
sailing velocity, (“/; = %) The net power-savings coefficient, P.S,,, is then determined
by subtracting the CFJ power consumption, represented by P., from PS;, as given by
Eq. 4.2. For quantitative comparison, Tab. 4.1 presents the baseline and CFJ wingsail
performance for three typical AWAs. The maximum net power saving is achieved at an

AWA of 90°, reaching a value of 93%.

PSnet - PStot - PC (42)

Table 4.1: Thrust coefficient and net power savings for three different AWA.

CT PSnet
Oaw | BL CFJ A BL CFJ A
30 | 0.60 1.23 106% | 0.36 0.67 86%
90 | 1.26 2.56 103% | 0.76 1.47 93%
150 | 0.66 1.33 100% | 0.40 0.73 82%
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Figure 4.12: Polar plot for the baseline case at 15° AoA and the CFJ case at 25° AoA:
variations of Cr (left) and net power saving (right) with AWA.

4.5 Three-sails configuration

This section presents the results of a three-sail configuration at three AWAs, 30°, 90°
and 150°. These angles correspond to typical sailing conditions, namely close haul, beam
reach, and broad reach. The results are divided into two parts. In the first part, all
sails are assigned the same AoA, and for the CFJ cases the same value of C,. In the
second part, the AoA of each sail is varied independently to fully exploit aerodynamic
interaction effects. In addition, €}, is adjusted individually for each wingsail to achieve
flow attachment while minimizing power consumption. A naming convention is used to
describe the different configurations. Baseline cases follow the format ’AWA’:’AoA WS1’-
"AoA WS2-’AoA WS3’, while CFJ cases include the values of C, with the addition of
CFrJ-’C, WS1'-’C, WS2-’C), WS3. For example, 30:25-25-25-CFJ-10-10-10, represents
an AWA of 30°, with all three sails operating at an AoA of 25° together with a C), of 0.10
for all three sails.

4.5.1 30° apparent wind angle

4.5.1.1 Uniform AoA and C, at 30° AWA

Figure 4.13 compares the baseline and CFJ wingsail configurations with AoA fixed at 15°
and 25°. For the baseline case shown in Fig. 4.13a, flow separation occurs on WS1, is sig-
nificantly reduced on WS2 and is absent on WS3. The results in section 4.1 suggested that
a single NACA 0015 airfoil experiences a near stall condition at 15° AoA but should not
expect an obvious flow separation as shown in Fig. 4.13a. The presence of the downstream
sails WS2 and WS3 pushes the wake of WS1 upward, causing WS1 to experience an up-
wash effect and consequently an increased effective AoA beyond 15°. In contrast, WS2
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and WS3 are immersed in the downwash effect induced by WS1, resulting in a reduced
effective AoA and delayed or suppressed separation. This behavior is further illustrated in
Fig. 4.14, which presents the C), distributions of the three sails for the baseline 30:15-15-15
case. The stagnation points, highlighted in the zoomed in view, are located in successive
order downstream from WS1 to WS3. This location distribution aligns with the change of
AoA, which is evidence of the aforementioned upwash and downwash effects. To suppress
separation on WS1, CFJ is applied with a C), value of 0.3, corresponding to an average
value of 0.1 across all three sails. As shown in Fig. 4.13b, a high-energy jet is injected from
the injection slot and completely removes the flow separation. As a result, C, is increased
by 26% and Cp is reduced by 97%. However, this also strengthen the downwash effect on
WS2 and WS3. Increasing the AoA from 15° to 25°, the flow remains attached on WS1
but separates on WS2 and WS3, indicating that enabling CFJ only on the leading sail
is insufficient. Distributing C, uniformly across all three sails with a value of 0.1 leads
to separation on WS1, but eliminates it on WS2 and WS3, as shown in Fig. 4.13d. In
this case the average C is increased by 17% while P. is reduced by 79%. Overall, the
results demonstrate that at an AWA of 30°, the interaction effects are strong. Upwash
increases the loading and stall tendency of upstream sails, while downwash delays stall on
downstream sails. The variation of C), and AoA for individual sails will therefore follow
the patterns of interaction effect to best exploit it for performance improvement.

Velocity (m/s) Velocity (m/s)
45 >90 0 45 >90

(a) Baseline: 30:15-15-15 (b) CFJ: 30:15-15-15-CF J-30-00-00

Velocity (m/s) Velocity (m/s)
45 >90 0 45 >90

(c) CFJ: 30:25-25-25-CFJ-30-00-00 (d) CFJ: 30:25-25-25-CFJ-10-10-10

Figure 4.13: Different baseline and CFJ configurations with a uniform AoA at 30° AWA.
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WS1
WS2
WS3

B | | | | |
0 0.2 0.4 0.6 0.8 1

x/c

Figure 4.14: Pressure coefficient distributions together with stagnation points for the
baseline 30:15-15-15 case.

Table 4.2: Performance data for uniform cases at 30° AWA.

WS 15-15-15 15-15-15  25-25-25  25-25-25

C, 1 - 0.3 0.3 0.1
2 - - - 0.1
3 - - - 0.1
Avg. - 0.1 0.1 0.1
c, 1 1.42 2.85 3.96 2.76
2 1.38 1.05 0.98 2.38
3 0.94 0.80 0.82 1.61
Avg. 125 1.57 1.92 2.25
Cp 1 0.051 0230  -0.278 0.25
2 0.049 0.124 0.415 0.12

3 0.105 0.110 0.432 0.319
Avg. 0.068 0.002 0.190 0.228

Cr 1 0.67 1.63 2.22 1.17
2 0.65 0.42 0.13 1.09

3 0.38 0.31 0.03 0.53

Avg. 0.57 0.78 0.80 0.93

Cs 1 1.26 2.36 3.29 2.52
2 1.22 0.97 1.05 2.12

3 0.87 0.75 0.92 1.55

Avg. 1.12 1.36 1.76 2.06

P, 1 - 0.620 0.524 0.140
2 - - - 0.086

3 - - - 0.104

Avg. - 0.620 0.524 0.110

4.5.1.2 Variable AoA and C, at 30° AWA

Figure 4.15 illustrates the effect of varying AoA among the three sails in the baseline case.
Reducing the AoA of WS1 by 5° prevents flow separation and results in an increase in Cf,
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of 6.3%, as shown in Table 4.3. By exploiting the downwash effect from the leading sails,
the AoA of WS3 can be increased to 20° while maintaining nearly fully attached flow, as
shown in Fig. 4.15b. This higher AoA on WS3 in turn enhance the upwash effect for the
upstream wingsails, WS1 and WS2, leading to a significant increases in their C'y. Overall,
varying the AoA for WS1 and WS3 in the 30:10-15-20 case, increases the C7, by 12% and
decreases Cp by 30%, which results in an C7 increase of 16%. An interesting phenomenon
observed when the flow remains attached on all three sails is that C'p becomes negative
for WS1. This behavior has also been reported in a study of a tandem airfoil configuration
under specific AoA conditions [34].

Velocity (m/s)
45 >90

Velocity (m/s)
45 >90

(a) Baseline: 30:10-15-15 (b) Baseline: 30:10-15-20

Figure 4.15: Baseline case with varied AoA at AWA of 30°.

Table 4.3: Performance data for variable baseline cases at 30° AWA.

WS 15-15-15 10-15-15 10-15-20

Cr 1 1.42 1.51 1.56
2 1.38 1.37 1.44

3 0.94 0.93 1.19

Avg. 1.25 1.27 1.40

Chb 1 0.051 -0.055 -0.065
2 0.049 0.066 0.060

3 0.105 0.106 0.149

Avg. 0.068 0.039 0.048

Cr 1 0.67 0.80 0.83
2 0.65 0.63 0.67

3 0.38 0.38 0.47

Avg. 0.57 0.60 0.66

Cs 1 1.26 1.28 1.31
2 1.22 1.22 1.27

3 0.87 0.86 1.11

Avg. 1.12 1.12 1.23

To improve CFJ three-sail performance at 30° AWA, the first case shown in Fig. 4.16a
retains an uniform AoA while redistributing C),, keeping the average value constant.
WS1 has its C), increased to 0.17, while it is reduced to 0.08 and 0.05 for WS2 and
WS3, respectively. This redistribution successfully reattach the flow on all three sails,
resulting in a 9% increase in Cr and a 25% reduction in P, compared to the initial uniform
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distribution. Resulting in both a higher effectiveness and efficiency. The reduction in P, is
attributed to the decrease in CFJ power consumption in WS2 and WS3, outweighing the
increased demand on WS1. Based on this case, further performance gains are explored by
varying both AoA and C), to better benefit from the interaction effects. Fig. 4.16b shows
the configuration 30:20-25-30-CF J-13-09-08 with both AoA and C), reduced for WS1 and
increased for WS2 and WS3, resulting in a further increase in Cr. The well-attached flow
on WS3 suggests potential for further increasing its AoA. However, increasing the AoA
of WS3 to 35° (Fig. 4.16¢), induces flow separation on WS1, resulting in a loss of thrust
across all sails. This issue is mitigated by decreasing the AoA of WS1 to 15°, as shown
in Fig. 4.16d. The final configuration, 15-25-35-CFJ-13-09-08, is considered optimal as
it achieves the highest Cr and lowest P.. These results highlight an important strategy
for maximizing the performance of multiple wingsails by taking advantage of interaction
effects in close haul conditions. The upstream sails should operate with a higher C), and
a reduced AoA, while the downstream sails benefit from a lower €}, and an increased
AoA. This approach enables an efficient distribution of C),, avoiding over- and under-
actuation, and thereby maximizing the net performance gains. Compared to the best
baseline configuration at 30° AWA, the CFJ achieves an 89% increase in Cr.

Velocity (mls) Velocity (mis)
45 >90 o 45 >90

(c) CFJ: 30:20-25-35-CFJ-13-09-08 (d) CFJ: 30:15-25-35-CFJ-13-09-08

Figure 4.16: CFJ configurations with variable AoA and C), at 30° AWA.
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Table 4.4: Coefficients for CFJ with variable AoA and C, at 30° AWA.

WS 25-25-25 25-25-25  20-25-30 20-25-35 15-25-35

Cu 1 0.10 0.17 0.13 0.13 0.13
2 0.10 0.08 0.09 0.09 0.09

3 0.10 0.05 0.08 0.08 0.08

Avg. 0.10 0.10 0.10 0.10 0.10

CrL 1 2.76 3.85 3.40 3.37 3.27
2 2.38 2.33 2.60 2.57 2.62

3 1.61 1.50 1.99 2.09 2.12

Avg. 2.25 2.56 2.66 2.67 2.67
Ch 1 0.249 -0.303 -0.296 -0.293 -0.357

2 0.118 0.247 0.182 0.176 0.171
3 0.319 0.314 0.411 0.481 0.469
Avg. 0.228 0.086 0.099 0.121 0.094

Cr 1 1.17 2.19 1.96 1.94 1.94
2 1.09 0.95 1.14 1.13 1.16

3 1.09 0.48 0.64 0.63 0.65

Avg. 1.11 1.21 1.25 1.23 1.25

Cs 1 2.52 3.18 2.80 2.77 2.65
2 2.12 2.14 2.34 2.31 2.35

3 1.55 1.46 1.93 2.05 2.07

Avg. 2.06 2.26 2.36 2.38 2.36

P, 1 0.140 0.170 0.126 0.130 0.108
2 0.086 0.050 0.062 0.067 0.067

3 0.104 0.026 0.055 0.062 0.060

Avg. 0.110 0.082 0.081 0.086 0.078

4.5.2 90° apparent wind angle

4.5.2.1 Uniform AoA and (), at 90° AWA

At an AWA of 90°, the interactions between the sails are significantly weaker than at 30°,
as the three sails are located in the same streamwise position. For the baseline 90:15-
15-15 case shown in Fig. 4.17a, the flow remains attached on all three sails, indicating
that this configuration represents an optimal operating condition, as any increase likely
would result in flow separation. At 90° AWA, ', aligns with Cp, while Cy aligns with
Cp. Therefore, only one of each is presented in Table 4.5. Increasing the AoA to 25° for
the baseline configuration causes significant flow separation on all three sails, resulting
in a loss of aerodynamic performance. This can be largely mitigated by enabling CFJ
with a uniform distribution of C,, with a value of 0.1, which significantly reduces the flow
separation on WS1 and fully attaches the flow on WS2 and WS3. This indicates that
the interaction effects still exist despite the aligned configuration of the sails. Each sail
induces a local upwash on the sail adjacent to its suction side and a downwash on the
sail adjacent to its pressure side. As a result, the flow attachment improves progressively
from WS1 to WS3 under the same C),. The aerodynamic performance of the different
configurations is presented in Table 4.5. To further optimize the CFJ sails, individual
adjustments of AoA and C), for each sail are required.
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Velocity (mls)
45 >90

Velocity (mis)
45 >90

(a) Baseline: 90:15-15-15 (b) Baseline: 90:25-25-25

Velocity (mis)
45 >90

(c¢) CFJ: 90:25-25-25-CFJ-10-10-10

Figure 4.17: Baseline and CFJ configurations with uniform AoA and C), at 90° AWA.

Table 4.5: Coeflicients for the uniform configurations at 90° AWA.

WS 15-15-15 25-25-25  25-25-25

Cu 1 - - 0.10

2 - - 0.10

3 - - 0.10

Avg. 0.10

Cr,Cr 1 1.38 1.27 2.60
2 1.18 1.12 2.43

3 1.05 0.95 1.96

Avg. 1.20 1.11 2.33

Cp,Cs 1 0.041 0.676 0.166
2 0.040 0.603 0.084

3 0.041 0.508 0.055

Avg.  0.041 0.596 0.102

P, 1 ; : 0.101

2 - - 0.070

3 - - 0.083

Avg. 0.085
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4.5.2.2 Variable AoA and C, at 90° AWA

Fig. 4.18 presents the CFJ configurations with varying AoA and C,. The first case,
shown in Fig. 4.18a, attempts to reattach the flow by only redistributing €}, among three
sails. A C), distribution of 0.15, 0.08, and 0.07 successfully achieves full flow attachment,
resulting in a 3.4% increase in Cr and a 9.4% reduction in P, compared to the uniform
CFJ case with a C), of 0.1. Based on this, the AoA of WS3 is further increased while C),
is redistributed, with a reduced value for WS1 and higher values for WS2 and WS3. This
adjustment leads to an additional improvement in aerodynamic performance. Compared
to the baseline configuration at AWA 90°, the optimized CFJ case achieves a 108% increase
in CT.

Velocity (mis)
45 >90

Velocity (mls)
45

x
(a) CFJ: 90:25-25-25-CFJ-15-08-07 (b) CFJ: 90:25-25-30-CF J-12-09-09

>90

Figure 4.18: CFJ configurations with variable AoA and C), at 90° AWA.

Table 4.6: Coefficients for CFJ configurations at 90° AWA, with variable AoA and C),.

WS 25-25-25  25-25-25  25-25-30

Ch 1 0.10 0.15 0.12

2 0.10 0.08 0.09

3 0.10 0.07 0.09

Avg.  0.10 0.10 0.10

Cr, Cr 1 2.60 3.35 3.14
2 2.43 2.12 2.29

3 1.96 1.77 2.06

Avg.  2.33 2.41 2.49

Cp, Csg 1 0.166 0.074 0.097
2 0.084 0.079 0.080

3 0.055 0.068 0.089

Avg. 0.102 0.074 0.089

P, 1 0.101 0.136 0.094

2 0.070 0.054 0.060

3 0.083 0.042 0.065

Avg. 0.085 0.077 0.073
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4.5.3 150° apparent wind angle
4.5.3.1 Uniform AoA and (), at 150° AWA

The third AWA of interest is 150°, selected to examine sail interactions under broad
reach conditions. In this wind direction, C'p contributes positively to Cr. The baseline
configuration shown in Fig. 4.19a, reveals that flow separation is most severe on WS3
and gradually decreases on WS2 and WS1. Increasing the AoA to 25° results in severe
flow separation on all three sails, accompanied with significant vortex shedding. Enabling
CFJ with a uniform C), distribution of 0.1 reattaches the flow on WS1 and WS2, but not
on WS3. Despite this limitation, the CFJ configurations achieves a 123% increase in Cp
compared to the baseline case. These results indicate that further optimization of both
AoA and C,, is necessary for the baseline and CFJ configurations to fully exploit their
potential performance.

Velocity (mls)
45 >90

Velocity (mfs)
45 >90

(a) Baseline: 150:15-15-15 (b) Baseline: 150:25-25-25

Velocity-(mls)
45 > 9

(c) CFJ: 150:25-25-25-CFJ-10-10-10

Figure 4.19: Baseline and CFJ configurations with uniform AoA and C, at 150° AWA.
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Table 4.7: Coefficient values for baseline at 15° AoA and CFJ at 25° AoA, in a three-sail
configuration at 150° AWA.

WS 1 WS 2 WS 3 Avg.

BL CFJ A BL CFJ A BL CFJ A  BL CFJ A

C; 110 232 110% 1.06 2.40 126% 0.90 2.08 132% 1.02 227 122%
Cp 0.094 0372 294% 0.043 0.129 198% 0.039 -0.095 -345% 0.059 0.135 130%
Cr 063 148 134% 057 131 131% 048 096 99% 056 125 123%
Cs -091 -1.82 100% -0.90 -2.02 124% -0.76 -1.85 144% -0.86 -1.90 122%

4.5.3.2 Variable AoA and C, at 150° AWA

To optimize the baseline performance at 150° AoA, the AoA is varied for each sail. Reduc-
ing the AoA for WS3 to 10° reattaches the flow, as shown in Fig. 4.20a. This results in an
increase of C'p for both WS2 and WS3, while WS1 remains largely unaffected. Although
C'r, for WS3 increases by 7.8%, Cr is reduced by 4.2%. The phenomena of negative drag,
first observed on WS1 in the 30:10-15-15 configuration, Fig 4.15, also occurs here for
WS3. Once again, it is the sail leading relative to the wind, which in this configuration
is WS3. Under broad reach conditions, drag contributes positively to thrust, therefore
a reduction in drag leads to a decrease in Cp. This explains the reduction in thrust for
WS3, despite its increase in C'p. Further adjustment of WS2, by reducing its AoA by 2°,
improves flow attachment, as shown in Fig. 4.20a, but results in a slight decrease in Cr.
In terms of Cp and Cp, the 150:15-13-10 configuration offers improved C7, and reduced
Cp. However, when evaluated from a ship propulsion perspective, its performance is less
favorable. Despite this, achieving a well-attached flow is considered important to avoid
any potential oscillations. For this reason, the 150:15-13-10 configurations is selected as
the preferred baseline choice for comparison with the CFJ case.

Velocity (m/s) Velocity (m/s)
45 >90 o 45 >90

(a) Baseline: 150:15-15-10 (b) Baseline: 150:15-13-10

Figure 4.20: Baseline configurations with variable AoA at 150° AWA.
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Table 4.8: Coefficients for baseline configurations with variable AoA at 150° AWA.

WS 15-15-15 15-15-10 15-13-10

c, 1 1.10 1.10 1.10
2 1.06 1.08 1.03

3 0.90 0.97 0.98

Avg.  1.02 1.05 1.04

Cp 1 0.094 0.095 0.094
2 0.043 0.042 0.031

3 0.039 -0.030 -0.029

Avg.  0.059 0.036 0.032

Cr 1 0.63 0.63 0.63
2 0.57 0.58 0.54

3 0.48 0.46 0.47

Avg.  0.56 0.56 0.55

Cs 1 0.91 20.90 0.91
-0.90 -0.91 -0.88

3 -0.76 -0.86 0.87

Avg.  -0.86 -0.89 -0.88

Figure 4.21a shows the results of redistributing C), to the configuration 25-25-25-CF J-08-
09-13. This redistribution achieves fully attached flow on all three sails without reducing
the AoA on WS3, which was necessary in the baseline case. The result is a 2.4% increase
in Cr and a 40% reduction in P.. The well attached flow on WS1 suggests the potential
for further increasing its AoA. Increasing the AoA of WSI1 to 30° while maintaining the
same C), distribution leads to improved performance. Although C, decreases, the increase
in C'p contributes to an increase in C7. As an alternative, maintaining the same AoA for
all three sails but altering the C), distribution to CFJ-09-09-12 enhances energy efficiency,
reducing P, by 13.6% while keeping Cr unchanged. At an AWA of 150°, fine adjustments
of AoA and C), have less pronounced impact on thrust compared to the 30° and 90° AWA.
This is because both C';, and C'p contribute positively to thrust. The improvement of C'p,
is associated with the reduction of C'p, which offset each other’s contribution to C7, and
changes in one is often offset by changes in the other. However, from the system efficiency
perspective, the adjustment of AoA and C, is still important to avoid CFJ from operating
at separated flow conditions with high P.. This is evident through comparison of the cases
in Figs. 4.21b and ¢, where C7 is the same but P, is reduced by 13.6%. The 25-25-25-
CFJ-08-09-13 configuration is selected as the preferred design due to its low P, and only
marginal reduction in Cr compared to the case with higher AoA. Comparing the optimal
baseline and CFJ configurations 15-13-10 and 30-25-25-CFJ-09-09-12, respectively, the
CFJ case achieves a 136% increase in Cr. However, that comes with a 126% increase in
Cs.
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Velocity (m/s) Velocity (m/s)
45 >90 (9 45 >90

= u

(a) CFJ: 150:25-25-25-CF J-08-09-13 (b) CFJ: 150:30-25-25-CF J-08-09-13

Velocity (m/s)
45 >90

(¢) CFJ: 150:30-25-25-CFJ-09-09-12
Figure 4.21: CFJ configurations with variable AoA and C), at 150° AWA.
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Table 4.9: Coefficients for CFJ configurations with variable AoA and C), at 150° AWA.

WS 25-25-25 25-25-25 30-25-25 30-25-25

c, 1 0.10 0.08 0.08 0.09
2 0.10 0.09 0.09 0.09

3 0.10 0.13 0.13 0.12
Avg. 0.10 0.10 0.10 0.10
c, 1 2.32 2.17 2.08 2.35
2 2.40 2.28 2.25 2.26

3 2.08 2.64 2.65 2.51
Avg. 2.27 2.36 2.33 2.37
Cp 1 0372 0.359 0438  0.427
2 0120 0172  0.179  0.156

3 0.095  -0.201  -0.159  -0.189
Avg. 0135 0110  0.153  0.131
Cr 1 1.48 1.39 1.42 1.54
2 1.31 1.29 1.28 1.26

3 0.96 1.15 1.19 1.09
Avg. 1.25 1.28 1.30 1.30
Cs 1 1.82 1.70 158 1.82
2.02 -1.89 ~1.86 -1.88

3 1.85 -2.39 2.37 2.27
Avg. ~1.90 -1.99 -1.94 -1.99
P 1 0.010  0.004  0.026  0.019
2 0.013  0.009  0.008  0.009

3 0.043  0.031  0.031  0.029
Avg. 0.025  0.015  0.022  0.019
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Conclusion

This thesis has investigated the effects of the CFJ technology applied to a NACA 0015
wingsail. Five parametric studies were carried out, one for the jet momentum coefficient
and four for the slot configurations. The resulting CFJ wingsail was adapted to a one-
sail study, to investigate the effects on a single wingsail and its net power saving, and a
three-sail configuration to study the flow interactions between the sails.

The jet momentum coefficient study reveals that the magnitude of C), has a major impact
on the performance of the wingsail. All four of the tested cases give an increase in C, in
the entire AoA range. The predominant effect of increasing C, is observed in the mid to
high AoA region, where each increment raises the maximum C, and shifts it to a higher
AoA. In the low to mid AoA region, the increase in C', is relatively small, while there is
a drastic increase in P,, resulting in low efficiency. This suggests that for scenarios that
demand lower lift, the AoA should be kept low with a low C),, while high lift scenarios
should use a higher AoA with a higher C),. This is supported by the aerodynamic effi-
ciency ((Cr/Cp).) which is higher for a low C,, in the low to mid AoA region while it is
higher for high C), in the mid to high region. The optimal C,, is therefore dependent on
the operating conditions.

For the slot configuration studies, the location and size of the suction slot have little or
no impact on C7. Moving the slot upstream slightly increases P, while C, and Cp are
kept virtually the same. Its size is of greater importance. While C7, is size independent,
decreasing the slot size leads to a large increase in P, without any performance benefits.
However, as the slot size increases, the reduction in P, eventually diminishes, giving no
advantage in increasing it beyond a certain size. The placement of the injection slot affects
the P. to a larger degree than the suction slot. A narrow slot reduces P. up to an AoA of
25°, with a minimal change in C'y. Moving the slot downstream slightly increases C' at
high AoA, with a marginal delay in stall onset. The decrease in P, achieved by placing
the slot close to the leading edge outweighs any benefit of moving it downstream. The
slot design parameter that affects performance the most is the injection slot size. At AoA
up to 25° the impact on C7, is small, but the change in P, is significant, making a wider
slot more efficient. For high lift applications, at an AoA of 25° and higher, a narrower
slot produces more lift which outweighs the P, penalty. Based on the parametric study, a
CFJ airfoil with design parameters i03-060-s75-200 (injection location at 3%C, injection
size of 0.6 %C, suction location at 75%C and suction size of 2%C) offers a good balance
between lift and efficiency.

Turning to the one-sail configuration, which compares the CFJ wingsail to a baseline one,

the effects of the CFJ technology are evident. The CFJ wingsail increases the C, by 104%
and manages to delay stall onset from 15° to 25° AoA, at the cost of a moderate increase
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in Cp. From a fuel consumption perspective, the net power saving is improves over the
whole AWA range with a maximum increase of 93% at 90° compared to baseline. In the
three-sail configuration, AWA has a major impact on wingsail interactions. Upwash and
downwash effects on the leading and trailing wingsails respectively cause flow separation
on the leading sail. These effects can be mitigated by adjusting the AoA and C), for each
wingsail independently. The CFJ enabled wingsails improve the thrust across all tested
configurations by between 89% and 123%. These results demonstrate that CFJ is capable
of both improving thrust and suppressing flow separation. Combined with its low power
consumption, CFJ is a promising technology for fuel savings and reduced emissions.
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