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Abstract: Following the International Maritime Organization’s goal to reduce greenhouse gas emis-
sions, the interest in the application of wind-assisted ship propulsion (WASP) in maritime transpor-
tation is on the rise. Although a variety of WASP systems exist, the application in maritime shipping
is still limited, especially in the case of kite sails. This paper presents a numerical model to carry out
a theoretical assessment of the influence of the kite planform area and wind speed on the aerody-
namic performance of a kite sail providing propulsive assistance to a 75 m long ship having a Series
60 hull. A static kite sail is assumed, on which a tail wind generates a thrust force to pull the vessel
via a tether. While the mass of the kite is neglected, that of the tether is accounted for. A model is
implemented for the tensioned tether having a catenary profile. The results generally show a posi-
tive correlation between the aerodynamic forces and the kite parameters. As expected, the output
parameter values corresponding to the optimal angle of attack for a range of vessel speeds are also
found to increase with an increasing relative wind speed. It is concluded that a static 320 m? kite sail
would be sufficient to meet the entire propulsion requirements of the vessel under consideration
under appropriate wind conditions.

Keywords: wind-assisted ship propulsion; static kite sail; leading edge inflatable kite; catenary
tether; Series 60 ship; wind shear

1. Introduction

Maritime freight shipping covers 80-90% of the global trade. Due to the high energy
efficiency of ships and increasing capacity of waterborne transportation, the demand for
freight shipping is expected to increase [1]. It is anticipated that this sector will account
for 17% of the carbon emissions by the year 2050 [2]. In 2018, the International Maritime
Organization initiated the strategy that by 2050, the greenhouse gas emissions must de-
crease by 50% compared to those in 2008 [3,4]. The strategy has led to new regulations
and reignited the interest in wind-assisted ship propulsion (WASP). With WASP, the use
of conventional power sources, and thus the demand for harmful fossil fuels, will be re-
duced [5]. WASP systems can also be combined with alternative fuels or slow steaming,
in which a ship travels at a reduced speed to make the most out of the available wind with
the lowest ship resistance possible. The reduction in CO:z emissions by slow steaming was
investigated for a typical sailing route of a container ship in the Mediterranean Sea by
Degiuli et al. [6]. For engines powered by low sulphur marine gas oil and liquefied natural
gas, the reductions in CO2 emissions can reach 286 t and 448 t, respectively.

WASP systems include traditional sails, rotor sails, kite sails, rigid sails and suction
wings. Despite the existing variety, the widespread implementation of these WASP sys-
tems in the maritime shipping sector is still lacking. The lack in implementation is partly
due to the high capital costs required paired with the uncertainty in the fuel consumption
reduction rates achieved and the time required to make a significant environmental and
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economic impact [5]. A secondary data review analysis on the aforementioned WASP sys-
tems is provided by Chou et al. [5]. According to Chou, rotor sails, kite sails and rigid sails
have the greatest potential in WASP, with the rotor and kite sails reaching efficiencies of
up to 50% and the rigid sails reaching 60%. In a study by Traut et al. [7], wind data for five
trade routes were used to compare the wind power contribution of a kite sail and a rotor
sail for true wind angles of up to 360° from the direction of the ship. The dynamic kite sail
is considered to follow circular trajectories and the tether is assumed straight, with the
mass assumed negligible for both. Traut [7] concluded that the power outputs for the kite
sail are more volatile but can be higher than those for the rotor sail, which exploits the
Magnus effect to generate the propulsive force. Whereas a crosswind is ideal for the rotor
sail, the kite sail is found to work well in the case of a tail wind. The latter was also con-
cluded by Leloup et al. [8] in a study comparing the sailing performance of a classical rig
and a kite following a zero-mass model, which neglects the mass and sagging of the tether.
In addition to this comparison, Leloup et al. [8] also compared different flight trajectories
of a dynamic Kkite to the flight of a static kite and concluded that vertical and horizontal
dynamic flights following a figure of eight trajectory are optimal for the upwind and
downwind cases, respectively. Nonetheless, the benefit of a static kite sail for small wind
angles is also highlighted, especially when considering the stability of the ship and rela-
tive ease of operation. In another study considering a merchant ship, Leloup et al. [9] in-
vestigated the fuel savings that can be achieved by auxiliary propulsion from both a static
and a dynamic kite sail. It is concluded that a static kite sail is better than a dynamic kite
sail for true wind angles of up to 50° from the ship direction. For true wind speeds of 9.77
m/s and 15.68 m/s, optimal operation of a 320 m?kite sail is found to be capable of reducing
the fuel consumption of the 50,000 dwt British Bombardier tanker by 10% and more than
50%, respectively. However, the zero-mass model is again used such that the weight of
the tether is neglected and the tether is assumed straight. The zero-mass model was also
implemented by Bigi et al. [10] in a study investigating the dynamic coupling of a ship
and a kite sail for auxiliary propulsion. Apart from concluding that the roll motion of a
ship assisted by a kite sail can be lower than the roll motion of a ship that is not, Bigi et al.
[10] suggested that the effect of the tether can be significant on the interaction of the kite
sail with the ship. Thus, the need for a more accurate representation of the tether is high-
lighted. Existing literature works making use of the zero-mass model generally consider
fixed lift-to-drag ratios for the kites and fixed lengths as inputs for the straight tether. In
such cases, the equilibrium condition is satisfied when the resultant aerodynamic force on
the kite is collinear to the straight tether and the wind power captured by the kite sail is
limited by the input tether length.

When compared to other WASP systems, kite sails are capable of operating at higher
altitudes within the atmospheric boundary layer, thus benefitting from larger wind
speeds. Additionally, kite sails require relatively minimal deck space as the kite sail flies
in front of the ship and only requires a mast at the foredeck for launch and recovery [7].
In fact, kite sails can be easily retrofitted to existing ships. Notwithstanding these benefits,
kite sails still have a relatively low technology readiness level [11]. A commercially avail-
able fully automated dynamic kite sail system for WASP is provided by SkySails Yacht
GmbH. SkySails provide kite sails with areas reaching 400 m? and capable of delivering
up to 2 MW of propulsive power while operating at altitudes ranging from 100 m to 300
m [12]. In application for pumping kite generators, kites can even reach 600 m altitudes
[13]. By following a figure of eight, the kite sail developed by SkySails is capable of gen-
erating as much as 25 times the power per square metre of sail area of conventional sails
[14]. The dynamic kite sails developed by SkySails have also been retrofitted on the Beau-
fort and Beluga SkySails ships. The former is a 55 m long testing ship equipped with an
80 m? kite sail able to save up to 1200 litre of fuel daily [15] while the latter is 132 m long
with a 160 m? kite sail that can reduce fuel consumption by 20% [16,17].

The manoeuvres performed by dynamic kites allow the capture of wind at a range of
angles of the relative wind. On the other hand, static kite sails are simpler to control [8].
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Hence, this study focuses on a static leading edge inflatable kite sail in the ideal scenario
of a horizontal tail wind with a speed greater than that of the ship to generate the drag
that acts as the propulsive force. The analysis in this study considers a 75 m long ship
having a Series 60 hull. The objective of this study is to use numerical modelling to inves-
tigate the performance and achievable power outputs of a kite sail in a WASP application.
The effects of wind shear are taken into consideration. Unlike existing works which con-
sidered the tether as a straight line of fixed lengths, the computationally efficient model
presented in this paper also aims to address the consideration of weight and sagging of
the tether by considering the tether as a catenary cable that can be winched as necessary,
based on the kite elevation required for static operation. Given that the tether lengths re-
quired in operation are expected to be considerable, the tether weight will have a substan-
tial influence on the elevation of the kite and its aerodynamic performance when operat-
ing within the atmospheric boundary layer. In the model presented in this paper, a con-
siderable weight per unit tether length will constrain a kite sail of a given area to operate
at a lower elevation because less tether length is required to balance a given lift force. The
formulated model enables the determination of the values to which the operational pa-
rameters have to be set in any given operating conditions. Therefore, it can be used to
determine the performance characteristics of a kite sail for specific sailing routes. The
model also has the potential to serve as the framework of a dynamic kite sail model.
Hence, the paper serves the purpose of providing a computationally efficient model for
modelling the contribution of thrust of a static kite sail for reducing the carbon footprint.
The aim is to reduce the aforementioned uncertainty in the contribution to ship propul-
sion by a kite sail and thus increase the readiness level of the technology that has the po-
tential of being another means of reaching the International Maritime Organization’s goal
to reduce carbon emissions.

The paper is organised as follows. Section 2 outlines the theory behind the numerical
model. Equations for determining the resistance of a Series 60 ship, the wind profile within
the atmospheric boundary layer, the aerodynamic forces that act on a kite sail, together
with the profile of a tether under the action of its weight and the forces acting on the tether
are provided. Section 2 also presents the equilibrium analysis of the kite system. The nu-
merical model that was developed in Python using the equations provided in Section 2 is
described in Section 3. Hence, Section 3 specifies the inputs of the model as well as how
the model determines the elevation of the static kite sail studied in this paper for the given
inputs through an iteration. The determination of the kite elevation satisfying the condi-
tion of static operation enables the calculation of the kite system parameters that lead to
the determined elevation and the corresponding aerodynamic performance. Section 4
then presents the formulation of a parametric analysis to investigate the effects of the kite
planform area and wind speed. Section 4 is followed by the presentation of the results and
conclusions in Sections 5 and 6, respectively.

2. Background Theory
2.1. Modelling the Ship Resistance

Determining the resistance of a ship is essential to be able to model the characteristics
of a WASP system. The categories of the ship powering problem important for such a case
are the estimation of the effective power necessary to tow the ship at a given speed in calm
water and the appropriate power margins to account for roughness, fouling and harsh
weather. The effective power is the power that overcomes the main hull naked resistance
as well as the appendage and air resistances [18].

The main hull naked resistance for the Series 60 single screw vessel can be estimated
using Sabit’s [19] regression analysis for the Series 60 Standard Series data. The hull pa-
rameters covered by this series are given in terms of the block coefficient Cg, length L,
beam B, draught T and longitudinal centre of buoyancy LCB. A ship is considered a Se-
ries 60 vessel if the criteria 0.60 < Cz < 0.80, 25 <B/T <3.5, 5.5<L/B <8.5, and
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—2.5%L < LCB < +3.5%L from amidship are satisfied [20]. The optimum value of LCB
varies with Cp. For a single screw vessel, it can be found using [21]:

LCB = 20(Cz — 0.675) 1)

The speed range covered by Sabit’s [19] regression analysis is given in terms of the
ship speed, Vi (kn), and the length, L (ft). The values of V,/ \/L_f considered range from
0.50 to 0.90 in increments of 0.05. The regression equation and the coefficients used in the
equation together with the full procedure to estimate the naked resistance are given by
Molland et al. [20]. After applying the skin friction correction for the specific length of the
ship, the naked effective power in kilowatts is found from:

2
sy 3
py = 2 @
579.8
with ©; and A being the corrected resistance coefficient and load displacement, respec-
tively. For a ship shorter than 400 ft (122 m), the ship correlation factor is unity. The cor-
responding naked hull resistance for a given ship speed, V, is then given by:

P
Ryakea = 75 x 1000 (3)

Molland et al. [22] provide equations for the appendage and air resistances, Ry, and
Rqir. However, sizing the appendages and deck structures is beyond the scope of this
study. Molland et al. [22] state a maximum Ry,,, of 5% of Rygkeq for asingle screw vessel
while the air resistance can be 4% of the effective resistance, Rgrr [23]. For preliminary
estimates, Molland et al. [22] approximate the power margin to 25% of the total power.
Hence, the resistance, Rpy, due to this margin equates to a third of Rgss. The total re-
sistance is then found by the addition of the different components, derived to:

35
Ry = (ﬁ) X Ryakea 4)

2.2. Modelling the Wind Profile

Given that the atmospheric boundary layer extends to a few hundred metres above
sea level, wind shear affects the performance of kite sails. Whereas less wind power is
available at lower elevations, extreme tether tensions may be reached if the elevation is
too high. The study presented here models the wind profile in accordance with the Loga-
rithmic Law Profile as it extrapolates the free stream wind speed at a given elevation, z,
from a known value at a reference height, z.., as a function the surface roughness length,
Zy. The approximate value of z, is 0.2 mm for calm open sea conditions and 0.5 mm for a
blown sea [24].

For a moving vessel, the aerodynamic force at any elevation is determined by the
relative wind speed at that elevation. The study only considers the case in which the ship
travels at a speed V in the same direction as the wind. A paramount requirement for the
kite sail to be able to propel the ship is that V is smaller than the wind speed at the kite
elevation, U, ). Hence, the relative wind speed at a given elevation is given by [24]:

In (3)
Usres @ —v 6)

]/|/Z=

Depending on the operating conditions, W, at low elevations may be zero, below which
it will be negative. The elevation at which W, = 0 m/s can be found using Equation (5).
Denoting this elevation by z;, the equation takes the form of:

14 Zref
In
Zs = ZOeUZ.TEf ( Zo )

(6)
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2.3. Fundamental Wing Theory for Modelling the Aerodynamic Lift and Drag on a Kite

The cross-section of a leading edge inflatable kite sail can be approximated to an aer-
ofoil. The lift, drag and pitching moment of an aerofoil are characterised by dimensionless
section coefficients, ¢;, ¢; and c,,, which are functions of the angle of attack, «, and the
Reynolds Number. An aerofoil reaches fully stalled conditions as « is increased to a crit-
ical value depending on the aerofoil shape [24,25]. Under real operating conditions in-
volving intermittent wind, the kite encounters a time varying angle of attack. The latter
induces unsteady aerodynamic phenomena such as dynamic stall, resulting in lift and
drag coefficients to deviate considerably from those experienced for a steady angle of at-
tack. Various models have been developed over the recent decades to cater for dynamic
stall encountered by aircraft wings, as well as helicopter and wind turbine rotors. Exam-
ples include the first-order compressible and incompressible Beddoes-Leishman models
[26,27], the second-order model by Bangga et al. [28] and the second-order Snel model [29]
that account for unsteady aerodynamic effects. However, the present study assumes a
static kite sail operating in a steady wind flow; thus, the influences of unsteady aerody-
namics are not considered.

The resultant aerodynamic forces and moment of the distributed loads along the sur-
face of an aerofoil can be assumed to act at any point along the chord line of the aerofoil
as long as the value of the moment considered is correct for that same point. At the centre
of pressure (COP), the effect of the moment is replicated by the resultant forces such that
¢y takes a value of zero. A thin symmetrical aerofoil is assumed in this study, for which
the COP is located at the quarter-chord from the leading edge. A symmetrical aerofoil is
chosen over a cambered aerofoil for conservativeness since cambered aerofoils generally
have higher lift coefficients than the symmetrical counterpart [25]. Although higher lift
forces are expected to increase the kite elevation and enable the kite to generate a greater
thrust due to the positive wind shear, the increased elevations may exceed reasonable
limits.

The kite sail is considered to approximate a flat wing. The applicability of this as-
sumption for curved kites needs to be studied using Computational Fluid Dynamics
(CFD). Whereas the flow over an aerofoil is two-dimensional, the air in the case of a finite
wing also flows in the spanwise direction. The requirement for the pressure difference
between the upper and lower surfaces of the aerofoil to cease at the wing tips leads to a
spanwise pressure gradient. Given the higher pressure on the lower surface, the flow over
the latter is forced towards each tip while the opposite happens for the upper surface,
creating tip vortices which induce downwash. Downwash alters the effective angle of at-
tack and thus reduces lift and induces more drag, which is beneficial to a drag-driven kite
sail [30]. One method to account for this downwash is to apply aspect ratio corrections to
the section coefficients. According to the Lanchester—Prandtl Lifting Line Theory, an el-
liptical lift distribution leads to constant downwash that results in minimum induced
drag. Hence, an elliptical planform area with an elliptical loading will be assumed with
the aim of being conservative. The Lifting Line Theory gives the lift coefficient for a finite
wing with a given aspect ratio, AR, as [31]:

c a
L= ¢ 7
L+ . fllR 7
The theory also provides an equation for the induced drag coefficient, Cp;, for small an-
gles of attack. For high angles of attack, this equation can be modified to [31]:

Cy
. = 8
Co¢ = Cy tan <n.AR) ®)

The overall drag coefficient is then found from [31]:
Cp=cq+Cp 9)

Hence, the kite lift for a relative wind speed, W, at the kite elevation is given by:
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1
L, = ECLpaAkWZ,kz (10)
while the drag can be found from:
1 2
Dic = 5 CopahicWy i (11)

where p, is the air density and 4 is the planform area of the kite having an elliptical
profile.

2.4. Modelling the Catenary Tether of a Kite

In WASP, the tether is the means of connection and force translation between the kite
and the ship. Meriam et al. [32] derived the static analysis of a flexible tether, which is
sufficient for the purpose of this work since the static kite system is analysed from a qua-
sistatic perspective. The static analysis neglects any resistance of the tether to bending
such that the vector of the tension at any point along the tether is tangential to the tether
at that same point. The static analysis also highlights the fact that the horizontal compo-
nent of the tether tension, Ty, remains constant throughout the whole span of the tether
and that the vertical component diminishes to zero at the connection point to the ship such
that the tension at the connection point consists only of the horizontal counterpart. As a
result, the tether at this point is perfectly horizontal.

In this work, a uniform inelastic tether is implemented such that elongation and de-
formation are neglected. The effect of the drag on the tether resulting from the relative
wind speed on the performance of the kite system is also neglected. As already explained,
the only scenario being considered in this study is that in which the relative wind speed
is in the forward direction of the ship. While the horizontal components of any tether drag
would effectively contribute towards propulsion, the downward components on the slop-
ing tether would result in a lower kite elevation and thus, lead to a decrease in the kite
thrust as a result of the decrease in the relative wind speed due to wind shear. Effectively,
the adopted approach assumes that the tension along the tether in equilibrium is a result
of its own weight only such that the tether takes a catenary shape [32].

The connection point at the ship is considered as the origin for the tether end coordi-
nates. Meriam et al. [32] show the vertical coordinate or elevation for a catenary tether
with a weight per unit length u, and a horizontal coordinate x, to be given by [32]:

Ty ( HeXe )
zy = —|cosh———1 12
‘ He Ty (12)

The tether length, I, is found using [32]:

T, x
l; = —Hsinhh

13
Ue Ty (13

From the above equation, the horizontal coordinate, x;, for a given vertical tension
component, Ty, at the tether end can be derived as [32]:

Ty Ty
x, = —sinh™?! (—) 14
‘ He Ty (14)
The tether tension, T, at the tether end is equivalent to the resultant of Ty and Ty,

and can be calculated as a function of the elevation of the latter using [32]:

Tt = TH + HeZt (15)

Given that the tether in this work is assumed inelastic and the kite system analysis is
quasistatic, the stiffness matrix to account for fluctuating loads can be neglected.

To analyse the significance of the tether drag, it can be estimated by treating the tether
as a column and calculating the drag in the forward direction only. Assuming a constant
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Pa, the only parameter that varies with elevation for a tether of constant diameter, d;, is
the relative wind speed. Hence, the drag on the tether can be found using integration from:

2
z z
(7| 2V \Uzper I (7en)
1 (K) n (K)
The length-to-diameter ratio of each infinitesimal element will be assumed infinite

given the adjacent elements, for which White [33] suggests a tether drag coefficient, Cp,
of 1.20.

1

Zt
D, = 2 Cp,tPa dt f Uz rer +V2dz (16)
Zs

2.5. Equilibrium Analysis of the Kite-Tether Assembly

The kite system configuration following the theory is illustrated in Figure 1, with the
aerodynamic forces acting at the quarter-chord due to the assumption of a thin symmet-
rical aerofoil. The length Az is the vertical distance between the quarter-chord or COP of
the kite and the tether end. Given the approximation of the kite sail to a flat wing, the
aerofoil shown in Figure 1 represents the midspan aerofoil of the elliptical planform as-
sumed for this study. Although a kite mass would expectedly result in lower elevations
and hence lower thrust forces due to wind shear, Figure 1 considers the weight of the kite
to be negligible compared to the aerodynamic forces and tether weight. The point O rep-
resents the connection point to the ship. Neglecting the mast used to hoist the kite and the
freeboard of the ship, the horizontal plane at O is treated as the mean sea water level. The
kite sail is connected to the catenary tether by means of bridle lines. Whereas each set of
bridle lines would, in practice, consist of multiple lines distributed along the curved span
of the kite, this study only considers one front bridle line connected to the leading edge of
the kite and a rear one connected to the trailing edge. For a given elevation, z,, of the
kite’s COP, equilibrium about the tether end requires the horizontal coordinate of the
kite’s COP to satisfy Equation (17). The equation was derived by taking moments of the
lift and drag about the tether end where the bridle lines are connected.

DkAZ
Xk =

+ X 17)

Ly

Figure 1. A two-dimensional representation of the kite system configuration and external forces for
the ideal case that the wind and ship direction are the same for a forward relative wind speed, W, .

Figure 2 depicts the geometry of the bridle lines system and the forces acting on it,
including the internal forces. The aerofoil chord in the plane shown is that at the midspan
of the elliptical planform and it is referred to as the reference chord, c,r. The equilibrium
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analysis of Figure 2 leads to Equations (18) and (19) for the horizontal and vertical force
components, as well as to the conclusion that D, = Ty and L, = Ty.

Dy =T.cosp + Trcos¢ (18)
Ly =T,sinf + Tfsin{ (19)

For a given angle of attack, a, the length, [, of the front bridle line is found geomet-
rically from:

I = \/(xk — x¢ — 0.25¢,¢f cOS a)z + (Az + 0.25¢,f sin a)z (20)

while length, I, of the rear bridle line is given by:

L. = \/(xk — x¢ + 0.75¢¢f cOS a)z + (Az — 0.75¢,¢f sin a)z (21)

The angles f and { defined in Figure 2 can then be found from the tangent formula.
A positive value for { can be ensured by use of the CAST Rule. From Equations (18) and
(19), the tension in the front bridle line, Ty, is given in terms of § and { by:

Lk - Dk tanﬁ

Tp=—0x K" T
s sin{ —cos{tanf (22)
whereas the tension in the rear bridle line, T,, can then be calculated from:
Dy — Ty cos{
hh=—— 7 3 (23)

Figure 2. A free body diagram of the bridle lines of the kite sail showing the geometry together with
the external and internal forces acting in equilibrium conditions for a given angle of attack, a.

3. Numerical Model

The numerical model adopted for this study was developed using Python 3.9.12. The
model is based on the configuration illustrated in Figures 1 and 2 for equilibrium condi-
tions with use of the discussed theory. A simplified flowchart of the algorithm followed
is provided in Figure 3.



J. Mar. Sci. Eng. 2023, 11, 117

9 of 24

Define theinputs p,, py,,

L B,T,Cy, LCB,V, Ay, Calculatez, for L, and

umercalMods Zrefs Uzress Zo, and an required to satisfy the
initial value and a prescribed Az
tolerance for z;,

Define the average of
the prescribed and
required values of z; as
thenew value of z;,

Calculatethe
remaining parameters
for the found z,

[
Exit while-loop
YES

Initiatewhile-loop

NO

Terminate
Numerical Model

Is the percentage
difference between
the prescribed and

required values of z;

within the prescribed

tolerance?

Figure 3. A flow chart explaining the main steps of the algorithm adopted for the numerical model.

The inputs include the air and water properties such as the densities p, and p,,, as
well as the ship, kite, tether and wind parameters. The ship parameters required for this
study are the length, beam, draught, block coefficient, LCB as found using Equation (1),
and V. Assuming negligible kite mass, the kite parameters are the kite area, A, for an
elliptical planform, AR, an initial value for z, as well as ¢; and ¢, for the range of a
considered. The tether parameters are d;, y; and Cp,. Another input is the vertical dis-
tance, Az, between the tether end and the kite’s quarter-chord, as defined in Figure 1. The
Az input is of paramount importance to this study as it is the parameter used to iterate z,
and hence assure a configuration similar to that depicted in Figure 1. Given the use of the
Logarithmic Law to model the wind, the parameters for the latter are z,.f, U,,.f and z,.

The iteration performed by means of the while-loop illustrated in Figure 3 involves
calculating W,, Ly, Dy, x, and z, using Equations (5), (10)—(12) and (14), respectively.
Therefore, C;, and Cp need to be calculated using Equations (7) and (9). The value of z,
required for the prescribed Az and calculated z, together with the percentage difference
between the prescribed z, and the required z, are also necessary to perform the itera-
tion. Once the tolerance prescribed for the percentage difference between the prescribed
z, and the required z, is satisfied, the parameters calculated in the while-loop are as-
signed with the respective values and the remaining parameters are calculated. The out-
puts useful for analysing the performance of the kite sail are the ship resistance, the coor-
dinates of the COP of the kite, the aerodynamic forces on the kite, the lengths and tensions
of the bridle lines and tether as well as the tether drag. While z, is found from the itera-
tion, the value of x; necessary for equilibrium about the tether end is calculated using
Equation (17). Since Dy is effectively the propulsive force of the kite sail, it can be used to
find the propulsive force as a percentage of Ry found from Equation (4). The values for
lg, I and [, are calculated using Equations (13), (20) and (21), whereas those for Ty, T,
and T; are determined from Equations (15), (22) and (23). The tether drag is estimated as
D; in Equation (16) and output as a percentage of D.

4. Numerical Simulations

The numerical model algorithm is used to perform a parametric analysis with the
aim of investigating the performance of the kite sail in application for WASP of a Series
60 ship. The NACA-0015 aerofoil, of which section coefficients for a range of a and Reyn-
olds Numbers are provided by Sheldahl and Klimas [34], is chosen for the kite sail and
assumed to be a thin symmetrical aerofoil. The ship parameters, given in Table 1, are de-
rived from the midpoints of the Series 60 Standard Data criteria stated in Section 2.1 and
a Vi of 11 knots. For the given value of L, the speed range with which the ship can travel
while remaining within the criteria is from 4.04 to 7.23 m/s. The total ship resistance for
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each ship speed within this range is illustrated in Figure 4. The naked hull resistance of
this ship was validated using the MAXSURF Resistance software [35].

Table 1. The input parameters of the Series 60 ship adopted in this study.

Parameter L (m) B (m) T (m) Cs (-) LCB (%L)
Value 75.23 10.75 3.58 0.70 0.50
4.5 5 5.5 6 6.5 7 7.5

V (m/s)

Figure 4. The resistance of the Series 60 ship considered in this study for the whole speed range.

The parameters investigated in this work are A, and U,,.r, with the analysis also
combining the effect of @ and V. Hence, the remaining inputs stated in Section 3 are con-
sidered as fixed parameters, including p, and p,, set to 1.08 kg/m? and 1025 kg/m3, re-
spectively. Table 2 shows the values for the remaining fixed inputs. Given the likelihood
of the kite to be operating in strong winds, z, is set to the value stated for a blown sea in
Section 2.2. Although this study uses Az to set the kite configuration, its effect is not in-
vestigated and thus, it is fixed to a value of 5 m. A high value of 10 is prescribed to AR of
the finite wing to allow for the spanwise pressure gradient explained in Section 2.3. While
Cp, was set as suggested by White [33] for an infinite length-to-diameter ratio, the values
of d; and p, were obtained through a separate tether analysis using the same numerical
model and fixed parameter values. The tether analysis is explained in further detail below.
Also determined from the tether analysis are the maximum A, and U,,.s considered.

Table 2. The fixed input parameters adopted for the wind profile, kite sail and tether.

Parameter zwf(m) zo(mm) Az (m) AR(-) di(mm) u:(N/m) Cos(-)
Value 90 0.5 5 10 42 64.8 1.2

The chosen tether is a bright wire rope made of improved plow steel with a fibre core.
From the tether analysis, such a rope was found to have sufficient safe loads and a weight
per unit length that generally results in kite elevations within the 600 m limit stated in
Section 1 for the highest relative wind speed considered. The properties of different diam-
eters of the wire rope are available in [36] and the aerofoil section coefficients of interest
to this study are those for 1° < a < 90° for a single Reynolds Number. For 30° < a < 90°,
the coefficients at each value of a provided by Sheldahl and Klimas [34] are independent
of the Reynolds Number. Hence, the tether analysis starts by first running the Python code
for different tether diameters and then determining which diameters lead to a tether end
tension that does not exceed the corresponding safe load. The tether analysis is carried out
for 30° < @ < 90° only given that the Reynolds Number for the smaller angles of attack is
not determined at this point. With the aim of accounting for the worst-case scenario, this
step was carried out for V = 0 m/s. After comparison of the different combinations of the
tether diameters available in [36] as well as A and U,,.f, a tether diameter of 42 mm
with a safe load of 190 kN in conjunction with a maximum A4, and U,,.r of 320 m? and
20 m/s was considered reasonable. The maximum x;, and z, observed for these values
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at V = 4.04 m/s are about 800 m and 420 m, with A4, and z, within the limits from liter-
ature already discussed. For a < 30° ¢; and c; were found through an iteration of the
Reynolds Number until its value obtained for a < 30° was approximately equal to the
Reynolds Number to which the input coefficients correspond. The lift and drag section
coefficients used for the NACA-0015 aerofoil for 1° < a < 90° are plotted in Figures 5
and 6.

10 20 30 40 ©) 50 60 70 80 90
a

Figure 5. The lift coefficients of the NACA-0015 aerofoil, obtained by iterations of the average Reyn-
olds Number for a < 30° and independent of the Reynolds Number for a > 30°.

10 20 30 40 . 50 60 70 80 90
a (%)
Figure 6. The drag coefficients of the NACA-0015 aerofoil, obtained by iterations of the average
Reynolds Number for a < 30° and independent of the Reynolds Number for a > 30°.

Once all the values of the fixed input parameters together with the maximum A4,
and U,,.r were determined, the parametric analysis was carried out. Given the value of
320 m? determined for the maximum A4, the values considered in the parametric analysis
for A, are of 40 m?, 80 m?, 160 m? and 320 m? to study the effect of doubling the kite area.
The corresponding values of ¢, are 2.55, 3.60, 5.09 and 7.20 m, while those of the span
are 20.00, 28.28, 40.00 and 56.57 m. On the other hand, the values for U, ., are of 10 m/s,
15 m/s and 20 m/s given the maximum value determined from the tether analysis. The
reason behind the lower limit of 10 m/s is to ensure a positive relative wind speed for the
maximum ship speed of 7.27 m/s determined from the Series 60 Standard Data criteria.
The whole speed range determined from the Series 60 Standard Data criteria was consid-
ered by repeating each combination for 4.04, 4.85, 5.66, 6.47 and 7.27 m/s, equivalent to
7.85, 9.43, 11.00, 12.58 and 14.13 kn. For the analyses of Ay and U,,.r, U, and Ay
were set to the corresponding maximum value of 20 m/s and 320 m?, respectively, to in-
vestigate the greatest potential of each of the two parameters. A single run of the Python
code explained in Figure 3 generates results for a single V and 1° < a < 90° with an av-
erage computational time of only around 661 ms with an Intel® Core™ i7-8750H proces-
sor.
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5. Results and Discussion

This section presents and discusses the results generated from the parametric analy-
sis outlined in Section 4. In this study, the performance of the kite for WASP applications
is characterised by the kite coordinates, the aerodynamic forces acting on the kite and the
achieved propulsion as a percentage of the ship resistance, together with the correspond-
ing lengths and tensions of the bridle lines and tether. The results first highlight the influ-
ence of the kite area along with the angle of attack on the coordinates and aerodynamic
forces of the kite as well as the lengths and tensions of the bridle lines. Then, the variation
in the optimal values of the parameters at different ship and reference wind speeds is
analysed. The parameters investigated in the wind speed study are the optimal angle of
attack that leads to the maximum kite thrust and the corresponding the kite coordinates,
propulsion assistance, and the length and tensions of the tether. The tether drag as esti-
mated in this study is also analysed. Each set of coordinates presented satisfies the condi-
tion Az = 5m prescribed in Section 4 with a tolerance of 0.1% and assures quasistatic
equilibrium about the tether end. Equilibrium between the kite system and the vessel is
not considered as a mandatory requirement as it is being assumed that the remainder of
the ship resistance for cases in which the percentage assistance from the kite sail is less
than 100% is provided through propeller-type propulsion systems. On the other hand,
percentages greater than 100% mean that the kite thrust is higher than the ship resistance
such that the vessel would accelerate. Such cases imply that the vessel is capable of trav-
elling at a higher speed while still only relying on the kite sail for propulsion.

5.1. Investigating the Influence of the Kite Area

The kite area study involves the variation of A4, from 40 to 320 m? with all the other
variables kept constant, including the reference wind speed, U, .y, set to 20 m/s. The plots
in this section are those for the highest vessel speed of 7.27 m/s, for which the relative
wind speed at the kite elevation, W,;, will be the lowest but the ship resistance is the
largest. A high vessel speed is often desirable to minimise the voyage time. Hence, these
plots will serve to determine the variation in the parameters corresponding to the mini-
mum possible assistance in ship propulsion by a kite sail.

Figure 7 shows how the elevation of the kite, z, varies with «, and the kite area, 4.
The graph immediately indicates that A, is a major contributor to the elevation at which
the kite has to be flown, mainly due to the direct proportionality between the aerodynamic
forces and Ay as established in Equations (10) and (11). For V equal to 7.27 m/s, z, in-
creases steadily to a maximum of 59.8 m, 141.9 m, 341.0 m and 812.2 m for A, values from
40 to 320 m? at an angle of attack 14°. Beyond a = 30°, another peak, but with a much
smaller magnitude, is present at the a of around 35°. The corresponding z, valuesas 4,
is increased from 40 to 320 m?2 are 21.1 m, 45.5 m, 106.8 m and 256.4 m. Hence, these values
indicate that doubling the kite area increases z, by around 140% at an a of 14° and
around 130% at 35°. As a approaches 90°, z, diminishes to about 5 m for all kite areas.
The main contributing factor to this value is the prescription of 5 m to Az since, despite
never reaching zero, the elevation of the tether end, z, at this a is very low. In relation
to the kite area, the convergence to 5 m means that the effect of A, also diminishes as «
tends to 90°.
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Figure 7. The kite elevations for each kite area and angle of attack at a ship speed of 7.27 m/s and a
reference wind speed of 20 m/s.

The coordinates, xy, of the kite’s COP required for equilibrium conditions at each of
the corresponding values of z;, in Figure 7 are given in Figure 8. For the same reason
explained for z,, x; is greatly dependent on the kite area. Comparing x; and z, shows
dissimilar trends for the dependency on a. The maximum x;, is not reached at a = 14°,
indicating that a high z, does not necessarily require a relatively high x; for equilib-
rium. The results indicate that the average increases that have to be applied to x; if A
is doubled are of about 143% at 15° and 27°, about 140% at 30° and about 138% at 45°.
Hence, the angle of attack of the kite within this range appears to have a relatively low
significance on the effect of A, when compared to the case of z,. The peak at 45° corre-
sponds to the maximum x,, that has to be reached for the 320 m? and 160 m? kite areas.
At an a of 90°, x; converges to approximately the same value for all four kite areas.
Starting at 102.3 m for 40 m?, x; has to be 2%, 4% and 7% higher for each consecutive A
up to 320 m2. With the peak at @ = 45° for 4, = 80 m? being equal to 83.5 m, the maxi-
mum value of x;, that has to be achieved for the smaller two areas is that at « = 90°. The
reason behind the relatively small percentage difference at 90° could be the fact that z, is
approximately the same for all areas, thus indicating that the aerodynamic effects at this
angle of attack have similar effects, irrespective of the area.

--= A, =40m?
-==-A, =80m?
----- A; =160 m?
—— A, =320m2

Figure 8. The kite horizontal coordinates for each kite area and angle of attack at a ship speed of
7.27 m/s and a reference wind speed of 20 m/s.

Figure 9 illustrates the variation in the lift forces, L, at the corresponding coordi-
nates in Figures 7 and 8. The line graphs in Figure 9 have a similar shape to those for z,
in Figure 7. The similarity indicates that the kite elevation that has to be set for any given
a and Ay for the lift acting on the kite sail to satisfy the condition Az = 5m is positively
correlated to Lj. The correlation is due to the fact that, at higher elevations, higher aero-
dynamic forces are experienced by the kite in the presence of a positive wind shear. In
turn, an increase in lift has to be accompanied by an increase in the kite elevation because
a higher z, isrequired for the tether weight to balance L. This requirement also explains
the relationship which z, and L, have with A; given the direct effect of the latter on Lj.
In fact, considering the a value of 14° at which L, is maximum, L; for each consecutive
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area results as 150%, 145% and 140% higher than the value of L, for the lower adjacent
area as Ay is gradually doubled to 320 m2. These percentages indicate that the rates at
which L, and z, increase with A, are non-linear, with the rate decreasing for larger kite
areas. For a particular a, using a kite sail twice the size at a given elevation doubles Lj
which, in turn, calls for an increase in z;. The increase in z; is accompanied by a loga-
rithmic increase in the relative wind speed, W, ;, which affects L, on a quadratic degree.
The relationship discussed for z, and L is also visible as the angle of attack reaches 90°
since both experience a decline. As z, at this a is approximately the same for each kite
area, the lift is expected to be, in reality, only affected by Aj. In fact, L, for a given area
is about 100% higher than that for the next smaller area being considered.

Figure 9. The kite lift forces for each kite area and angle of attack at a ship speed of 7.27 m/s and a
reference wind speed of 20 m/s.

The graph for the drag, Dy, effectively being the propulsive force that is generated
by this WASP system, is presented in Figure 10. Comparison of Figure 10 to Figures 7 and
8 indicates that the maximum propulsive force is not achieved at the highest z, or x;. At
V equal to 7.27 m/s, it is achieved at @ = 60°. The corresponding coordinates are (32.3 m,
11.6 m), (66.4 m, 21.0 m), (154.2 m, 45.5 m) and (374.2 m, 106.7 m) for the kite areas from
40 m? to 320 m2. The propulsion at these points corresponds to 1.5%, 3.7%, 9.2% and 23.2%,
respectively, of the resistance at V = 7.27 m/s, with an average increase of about 150%
each time the kite is doubled in size. The increase can be attributed to the relationship
with W, inthe same manner discussed for L. Giventhat z, and W, at a = 90° vary
only to a small degree for different kite areas, the propulsive force at this angle mainly
depends on Ay. In fact, the increase seen in D, each time the kite area is doubled is about
100%. The appendage resistance, R4, air resistance, R,;., and resistance due to the
power margin, Rpy, contribute towards 3.4%, 3% and 25% of the total ship resistance,
respectively, as labelled in Figure 10. Hence, a kite area of 80 m?is large enough to provide
enough thrust to overcome R, or Ry, that of 160 m? exceeds the two resistances com-
bined by a margin of 43%, while that of 320 m? can make up for most of Rpy.

L OO SO S OO SO OO BSOSO
A4O— RP/AL - = A, =40 m?
% 30 A - - -A, =80m?
E 20 9R,. Ry 7 emmmmmemmeel_ T A, =160 m?
10 _======§um>&;mm:;;,’,_:,,:,w,..,mm,,,m,“,m‘“‘mmm;“; —A; =320m?
0 A A SR R N R

0 10 20 30 40 50 60 70 80 90

Figure 10. The kite thrust forces compared to the air resistance, appendage resistance and power
margin of the Series 60 ship at a ship speed of 7.27 m/s and a reference wind speed of 20 m/s.
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The lengths of the front and rear bridle lines vary with a similarly to each other, as
shown in Figure 11. They are also influenced only marginally by the kite area. The differ-
ent reference chords, ¢y, attributed to each area are a possible contribution to this. Start-
ing from an average of 5.1 m and 6.3 m, Iy and [, increase rapidly to about 100.5 m and
100.4 m, respectively, as a reaches 90°. The bridle line lengths do not necessarily increase
with 4. Atan a of 10°, I for an area of 160 m? is only 1.0% higher than that for 80 m?,
while that for 80 m? is only 1.5% lower than the length at the area of 40 m2. The rapid
increase can be a consequence of the kite coordinates at high angles of attack. While z,
decreases to about 5 m, x;, is always greater than 100 m. Hence, the horizontal coordinate
of the tether end is small such that the high values of x; for equilibrium have to be
reached by lengthening the bridle lines. With an angle of attack of 60°, I and [, need to
be set to an average of 10.2 m and 10.8 m, respectively, for maximum thrust.

- = A =40m2
-==A =80m2
----- A, =160 m?
— A, =320m?

10 20 30 40a (0)50 60 70 80 90
Figure 11. The front bridle line lengths for each kite area and angle of attack at a ship speed of 7.27
m/s and a reference wind speed of 20 m/s.

The tension in the front bridle line, T¢, and that in the rear bridle line, T,., exhibit a
significant difference from each other, mainly due to the COP of the kite being at the quar-
ter-chord location. The variation in T is illustrated in Figure 12. Although T; and T,
have similar relationships with «, that between the two is not consistent. The minimum
percentage by which T; is higher than T, is of 109%, corresponding to Aj = 320 m? and
a = 1°, while the maximum is of 219%, corresponding to A, = 40 m? and a = 18°. The
maximum tensions are experienced with a = 14°, with the values being equal to 2.9 kN,
7.4 kN, 18.7 kN and 47.8 kN for Ty, and equal to 0.9 kN, 2.5 kN, 6.7 kN and 19.9 kN for
T,. For a equal to 60°, the percentage increases in Ty are 145%, 153% and 154% starting
from 2.4 kN for A, = 40 m?, whereas the increases in T, are 149%, 161% and 168%, start-
ing from 0.8 kN. On the other hand, the values of Ty at a = 90° are equal to 1.9 kN, 3.7
kN, 7.5 kN and 15.2 kN for kite areas varying between 40 m? and 320 m?, while the corre-
sponding values of T, are equal to 0.6 kN, 1.2 kN, 2.5 kN and 5.1 kN. The percentage
increases of about 100% indicate that as a is increased to 90°, the bridle line tensions are
mainly affected by the kite area. It is noted that, assuming that the bridle lines are of the
same material and diameter of the tether, the safe load of 190 kN is never reached for the
ship speed of 7.27 m/s.
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Figure 12. The front bridle line tensions for each kite area and angle of attack at a ship speed of 7.27
m/s and a reference wind speed of 20 m/s.

5.2. Investigating the Influence of the Wind Speed

For the wind speed study, the highest kite area of 320 m? was considered such that
the greatest potential of the kite sail in different operating conditions is investigated. The
different values considered for the reference wind speed, U, .f, are 10, 15 and 20 m/s. The
variation in the different parameters with a follows similar trends as those discussed in
Section 5.1. Hence, this section focuses on the optimal parameters for different wind and
ship speeds. The optimal parameters are the parameter values that correspond to the max-
imum propulsion and hence, will exploit the full potential of a static kite sail for the con-
ditions considered.

The optimal angles of attack, a,,, that lead to maximum kite thrust for different
combinations of U,,.r and the ship speed, V, are tabulated in Table 3. It is observed that
the numerical model predicts a constant value of 60° for U,,.r = 20 m/s. The value of
@opt, however, does vary with V at lower reference wind speeds. For U,,.; = 15 m/s, the
optimal angle of attack decreases with an increase in the ship speed. On the other hand,
for U, ey = 10 m/s, the magnitude of the optimal angle of attack first decreases and then
increases as the ship speed is increased. It could be confirmed that a,, is more likely to
vary for low relative wind speeds, W, ;. In fact, for a given wind speed, the maximum
deviations of a,,, from 60° are observed at the highest ship speed of 7.27 m/s. Despite
the variation in @, the maximum kite thrust for all combinations is achieved at a high
angle of attack. As a result of this variation, the relationship of the parameters with V for
different reference wind speeds in the discussion that follows are not entirely due to the
effect of W, but also due to the different angles of attack.

Table 3. The optimal angles of attack obtained for the different ship and wind speeds considered.

V (m/s) Aope for Uy ,op =10 m/s (°) QAope for U,,.p =15m/s (°) Aope for Uy, o.p=20m/s (°)

4.04
4.85
5.66
6.47
7.27

59 60 60
55 60 60
50 59 60
60 55 60
85 54 60

Figure 13 illustrates the kite elevation, z,, for the optimal angles of attack given in
Table 3. The graph shows a decrease in z, with both an increasing V and a decreasing
U, rer asaresult of the reductionin W,; and hence a reduction in the aerodynamic forces
exerted on the static kite. The latter calls for alower z,, which is the same reason explained
for the effect of wind shear in Section 5.1. Given that a,,, remains the same for all values
of V with U,,.r = 20 m/s, the decrease in z, with V appears to be consistent. For other
points, the variation in a@,,; comes into effect. The percentage increases in the required
zy vary from 296% to 756% and from 140% to 171% as U, . increases from 10 to 15 m/s
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and from 15 to 20 m/s, respectively. Recalling the positive correlation between z, and Lj
in Figures 7 and 9, these percentages highlight the quadratic relationship between L, and
W, k. If, in operation with Uy ,.r = 20 m/s, the ship speed is reduced from 7.27 to 4.04 m/s
for slow steaming, z, has to be increased from 107 m to 181 m. The latter is well below
the 600 m for a pumping kite generator and the 300 m stated for the kites by SkySails in
Section 1.

——U,,; =10m/s

7 U, =15m/s

—o—LU, ., =20m/s

- —= -—_ o
T — T T ; T T A 1
4 4.5 5.5 6 7 7.5
V (m/s)

Figure 13. The optimal kite elevations for different ship and wind speeds and a kite area of 320 m2.

The dependency on W, also applies to the horizontal coordinate of the kite’'s COP
required for equilibrium. In fact, x;, experiences the same overall decrease discussed for
z, with the exception for V =7.27m/s and U,,.r = 10 m/s, as shown in Figure 14.
Nonetheless, this exception can be attributed to the high a,,; for this scenario. In fact, the
decrease for the highest wind speed is again uniform. The percentage increases in the case
of xi as Uy,es is increased from 10 to 15 m/s and from 15 to 20 m/s range from 187% to
1105% and from 149% to 230%, respectively, corresponding to higher absolute differences
than those for zj. The values for x, are higher as well. The maximum x; of 641 m for a
V of 4.04 m/s, U,,.r of 20 m/s and A; of 320 m? is lower than the limit of about 800 m.
The 800 m limit is the limit prescribed from the tether diameter analysis. However, the
maximum X, is 254% higher than the maximum z, in Figure 13. Hence, the results indi-
cate that for optimal performance, x;, may be of a greater concern than z, due to the re-
lationship between the two coordinates for high angles of attack.

——U,,, =10m/s

. =, =15m/s

_\ —.—uerf =20 m/s
. N !
A— ! e 7 ?¢4|
4 4.5 5 5.5 6 6.5 7 7.5
V (m/s)

Figure 14. The optimal kite horizontal coordinates for different wind and ship speeds and a kite
area of 320 m?.

Figure 15 presents the estimated assistance contributed by the kite sail as percentages
of the ship resistance at the respective ship speeds. The results correspond to the optimal
coordinates in Figures 13 and 14. As expected, the assistance from the kite in overcoming
the ship resistance increases with an increasing relative wind speed, either by reducing V
or with an increasing U, ,.r. When the ship travels at the maximum speed with U, ,.r =
10 m/s, the assistance by the kite is at a negligible value of 0.02%. On the other hand, the
ship will be able to accelerate when travelling at V < 4.85 m/s with U,,.; = 20 m/s due
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to the assistance by the kite being greater than 100%. For this wind speed, the ship can
travel at a constant speed of around 5.3 m/s with the kite sail as the only means of propul-
sion. Considering V = 5.66 m/s, the optimal coordinates determined from Figures 13 and
14 are (23.0 m, 11.4 m), (173.5 m, 52.4 m) and (500.9 m, 141.9 m) for the respective U,,.s
from 10 to 20 m/s. These coordinates lead to ship propulsion assistance values of 2%, 27%
and 79%, respectively. It is shown from Figure 12 that lower ship speeds yield higher pro-
portions of propulsion to originate from the kite. The negative correlation between the
ship speed and the propulsion proportions originating from the kite shows the benefits of
slow steaming in maximizing the use of WASP systems and reducing the carbon footprint.

=10 m/s
=15m/s

u Uz ,ref
u uz ref
I U, =20m/s

566
V (m/s)

Figure 15. The maximum kite thrust achieved for different wind and ship speeds and a kite area of
320 m? as a percentage of the total ship resistance at the corresponding ship speed.

Figure 16 shows the tether length, [, to vary with V and U,,.f similarly to the pre-
viously discussed parameters for the wind speed study. The reason is that I, is effectively
a result of the combination of the tether end coordinates, x, and z,, based on the path
covered by a catenary curve. The two coordinates are functions of the aerodynamic forces
as established in Equations (14) and (12) together with the equilibrium analysis in Section
2.5, while the value of z, has to also satisfy Az = 5 m. With the aerodynamic forces being
functions of Wy, [, is positively correlated to W,;, thus the positive correlation of [; to
U, rer and the negative correlation to V. Figure 16 can be compared to Figure 14 to esti-
mate the bridle line lengths that have to be set in order to achieve the values of x; re-
quired for equilibrium conditions. Figure 11 indicates that the aerodynamic forces for a
given a have negligible effect on the bridle line lengths. In fact, the greatest discrepancy
between x; and [, is observed for V =7.27 m/s and U,,.r = 10 m/s as a result of the
@ope of 85° at which Figure 11 shows the bridle lines to be relatively long. In this scenario,
X = 39.5m and [, = 0.1 m. Even for the highest wind speed with the ship travelling at
4.04 m/s, l; required remains within a practical limit of 664 m.

——U,,, =10m/s
—a—U, ., =15 m/s
— —e—U,,, =20m/s
T T — - T A T *—
45 5 5.5 6 6.5 7 7.5
V (m/s)

Figure 16. The optimal tether lengths for different wind and ship speeds and a kite area of 320 m2.

The variation in the tension at the end of the tether, T;, with V for optimal perfor-
mance is depicted for the three reference wind speeds in Figure 17. The value of T;
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corresponds to the maximum tension experienced by the tether. Recalling from Section
2.4 that T, is the resultant of Ty and T, and that the kite mass is considered negligible
such that the latter two tension components are equal to D, and L, respectively, T; is
also equivalent to the resultant aerodynamic force on the kite sail. As a result, T; is posi-
tively correlated to W, in the same manner explained for the other parameters in Fig-
ures 13-15. Hence, a positive correlation also exists between [, and T;, as expected from
Equation (15). In fact, T; is of only 36.0 N when [, = 0.1 m. The maximum value of about
87 kN is again observed for the lowest V and highest U,,.;. Nonetheless, it is lower than
the safe load of 190 kN for the 42 mm diameter tether and, given that static analysis at the
tether end shows Ty and T, to be lower than T, so are the tensions in the bridle lines.
The fact that the safe load is not reached suggests that the tether can, in reality, have a
smaller diameter. However, the latter will imply an increased tether length to balance the
kite lift force with the overall weight of the WASP system, thus increasing x; and z;, to
values that are larger than those presented in Figures 13 and 14.

——U,,;, =10m/s

U, =15m/s

.\.\.~ -, =20m/s
1 —e—
T T T A T ; T ; 1
4.5 5 55 6 6.5 7 7.5

V (m/s)

Figure 17. The tether end tensions exhibited with the optimal parameters for different wind and
ship speeds and a kite area of 320 m2

A smaller diameter will reduce the drag force on the tether. Nonetheless, the esti-
mates presented in Figure 18 indicate that the drag acting on the 42 mm diameter tether,
expressed as a percentage of the kite thrust, is only marginal. Therefore, the downward
component of the drag that, in practice, would have the same effect of the tether weight,
is not likely to influence the kite elevation and propulsive forces. The maximum value
obtained at V = 4.04 m/s and U,,.; = 20 m/s is only of about 1.5%. For a fixed diame-
ter, the tether drag is positively correlated to both the relative wind speed and the eleva-
tion of the tether end such that it decreases even further when the ship travels at a higher
speed or the wind slows down. For the lowest wind speed witha V of 6.47 and 7.27 m/s,
the tether drag is zero because of z, being so low that the relative wind speed is either
zero or in the opposite direction. With the latter case not being considered in this study, it
can be investigated in studies focusing on analysing the forces on the tether in greater
detail.
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Figure 18. The estimated tether drag for different wind and ship speeds and a kite area of 320 m? as
a percentage of the kite thrust for the respective combination of ship and wind speed.

6. Conclusions

The present paper presents the results from a theoretical model investigating the ef-
fect of the kite area and the reference wind speed on the performance of a static kite sail
used for WASP in the case of a horizontal tail wind. The mathematical formulation is dif-
ferent than those presented in past works. Based on hyperbolic functions of a catenary
profile, the model takes into account the weight of the tether and its curvature under the
action of its weight to investigate the aerodynamic performance of a static kite sail for any
given operating conditions while still maintaining high computational efficiency. In fact,
the results show the positive correlation between the kite elevation and the tether length,
with the latter having a direct effect on the tether weight. Apart from providing the anal-
ysis of the relationships between the different parameters of importance to kite operation
for WASP applications and the achievable power outputs for the considered input param-
eters, this paper presents a new computationally efficient model that can be applied to
different operating conditions as well as different types of ships, tethers and kite sails.
Hence, the model can be used to determine the best combination of dimensions and ma-
terials that lead to the greatest reduction in the carbon footprint from the maritime sector.
Important conclusions from this study include the following:

e  The correlations between the aerodynamic forces and output parameters that deter-
mine the performance of the kite sail are generally positive.

e  The effect of the kite area varies with the angle of attack given that wind shear also
comes into effect when the kite elevation has to be changed in response to a different
lift force. In fact, doubling the kite area for an angle of attack of 60° increases the kite
thrust by about 150%.

e  The kite coordinates corresponding to the maximum propulsive drag were found to
satisfy practical limits for all the ship and tail wind speeds considered.

e  For the highest reference wind speed of 20 m/s, about 80% of the required propulsion
can be provided by the kite sail if the 75 m long Series 60 vessel travels at a speed of
5.66 m/s with a tail wind while the angle of attack and coordinates of the kite are set
to 60° and (500.9 m, 141.9 m), respectively.

e  The modelled ship can be propelled solely by the 320 m? static kite sail at a speed of
about 5.3 m/s when the wind speed is 20 m/s at a height of 90 m. At this wind speed
of 20 m/s, the optimal angle of attack leading to maximum thrust was also found to
be constant at a value of 60° for all ship speeds considered. However, the optimal
angle of attack is expected to vary for low relative wind speeds.

e  The safe load of 190 kN set for the tether was never reached in the scenarios consid-
ered. Additionally, the maximum tether drag as a percentage of the kite thrust as es-
timated in this study for maximum thrust conditions was found to be only of about
1.5%.
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The study presented in this paper also highlights the benefits of slow steaming given
the observed increase in propulsion assistance for lower ship speeds.

The kite sail in this study is approximated to a flat finite wing. Hence, future work
should consider further analysis of the aerodynamics of the kite sail, using more compre-
hensive modelling by means of CFD, while also taking into account the curvature of the
sail and the Reynolds Number effects. The influences of unsteady aerodynamics resulting
from intermittent wind conditions, such as dynamic stall, should also be investigated.
Further work should evaluate the reliability of existing dynamic stall models, originally
developed for aircraft and wind turbine rotor applications, when modelling the transient
aerodynamic loads experienced by kites in WASP applications. Given that this paper only
provides a theoretical assessment of the static kite sail, validation of the proposed numer-
ical model using experiments on a WASP prototype operating under open sea conditions
is recommended for future work. Further work should also consider the influence of the
misalignment between the wind and the ship route. Such consideration is also crucial for
application of the presented model in dynamic kite flight.
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Nomenclature

CFD Computational Fluid Dynamics

cor Centre of pressure

WASP Wind-assisted ship propulsion

Cq Drag coefficient of a two-dimensional aerofoil (-)

q Lift coefficient of a two-dimensional aerofoil (-)

Cm Moment coefficient of a two-dimensional aerofoil (-)
Cref Reference chord of a finite wing at the midspan (m)

d; Tether diameter (m)

ly Front bridle line length (m)

L, Rear bridle line length (m)

l; Tether length (m)

X Horizontal coordinate of the kite’s centre of pressure (m)
X¢ Horizontal coordinate of the tether end (m)

z A given elevation above the mean seawater level (m)

Z Surface roughness length of the seawater (m)

Zy Kite elevation (m)

Zyef Reference height at which the wind speed is known (m)
Zg Elevation above sea surface at which the relative wind speed is zero (m)
Z¢ Elevation of the tether end (m)

Ay Area of the elliptical kite planform (m?)

AR Aspect ratio of the elliptical kite planform (-)

B Ship beam (m)
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Cp Ship block coefficient (-)
Cp Drag coefficient of a finite wing (-)
Cp, Induced drag coefficient of a finite wing (-)
Cpt Tether drag coefficient (-)
) Lift coefficient of a finite wing (-)
Dy Drag force on a finite wing (N)
D, Tether drag (N)
L Ship length (m)
LCB Longitudinal centre of buoyancy (%L)
Ly Ship length in feet (ft)
Ly Lift force on a finite wing (N)
Py Naked effective power of a ship (kW)
Rair Air resistance on a ship (N)
Rypp Appendage resistance of a ship (N)
Rggy Effective ship resistance (N)
Ryaked Naked hull resistance (N)
Rpym Ship resistance due to the power margin (N)
Ry Total ship resistance (N)
T Ship draught (m)
Ty Front bridle line tension (N)
Ty Horizontal component of the tether end tension (N)
Ty Vertical component of the tether end tension (N)
T, Rear bridle line tension (IN)
T; Tether end tension (N)
U,k True wind speed at the kite elevation (m/s)
Uy rer True wind speed at the reference height (m/s)
|4 Ship speed (m/s)
Vi Ship speed in knots (kn)
w, Relative wind speed at a given elevation (m/s)
Wk Relative wind speed at the kite elevation (m/s)
©; Corrected ship resistance coefficient (-)
a Kite angle of attack (°)
opt Kite optimal angle of attack (°)
B Angle of the rear bridle line with the horizontal (°)
A Ship load displacement (t)
Az Vertical distance between the tether end and the kite’s centre of pressure (m)
4 Angle of the front bridle line with the horizontal (°)
Ut Tether weight per unit length (N/m)
Pa Air density (kg/m?)
Pw Water density (kg/m?3)
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