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Abstract. Soft-wing kites are morphing, bridled, tensile lifting surfaces used for wind-assisted ship propul-
sion and airborne wind energy applications. Their swept-back planform, pronounced anhedral, and unconven-
tional leading-edge geometry induce complex aerodynamic behaviour that challenges conventional modelling
approaches. For leading-edge inflatable (LEI) kites, pressure-side separation induced by the inflated tubular lead-
ing edge renders classical inviscid methods insufficient, thereby necessitating sectional input from higher-fidelity
approaches.

This study presents and applies a computationally efficient aerodynamic framework to an LEI kite by coupling
a vortex step method (VSM) with RANS (Reynolds-averaged Navier—Stokes)-derived airfoil polars validated
against wind tunnel measurements. The RANS simulations were used to train a machine learning surrogate
model to facilitate parametric design studies. The application of machine learning to LEI kite aerodynamics is
novel, and the surrogate model achieves R? > 0.98 across the considered parameter space.

Three-dimensional load predictions for the TU Delft V3 LEI kite were evaluated against wind tunnel data
and reference three-dimensional RANS simulations. Within the operational incidence range o € [—1, 10]°, the
predicted lift and drag agree with measurements to within 9 % and 13 %, respectively. Across this range, the
framework reproduces the measured aerodynamic trends more consistently than the reference 3D RANS results,
while reducing the computational cost by several orders of magnitude.

A rigid-body stability analysis indicated static stability in roll, pitch, and yaw, as well as aerodynamic damping
in all three axes within the quasi-steady model.

Parametric analyses revealed inherent trade-offs between aerodynamic efficiency and stability, motivating the
adoption of multi-objective optimization strategies.

The validated framework provides high predictive accuracy at low computational cost and forms a foundation
for rapid aerodynamic analysis, stability assessment, design optimization, and aero-structural coupling in the
conceptual and preliminary design phases.

1 Introduction

Soft-wing kites have expanded beyond their original use in
marine sports to renewable energy applications, most notably
airborne wind energy (AWE) and wind-assisted ship propul-
sion (WASP). A soft kite is a tensile structure consisting of
a lightweight membrane wing supported by a bridle line sys-
tem that transfers the aerodynamic loads and serves as the
actuation mechanism (Oehler and Schmehl, 2019). These

membrane wings fall into three types: ram-air wings, with
two stacked membrane layers connected by membrane ribs
and inflated by the incoming flow; leading-edge inflatable
(LEI) wings, with a pre-inflated tubular frame supporting a
single membrane layer; and single-skin wings, with a sin-
gle membrane layer. Soft-wing kites are morphing aerody-
namic control surfaces that deform through aeroelastic cou-
pling (Breukels et al., 2013) and in response to actuation-
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induced changes in the bridle line system geometry (Hummel
et al., 2019; Elfert et al., 2024).

Because the bridle line system transfers the distributed
aerodynamic load of the membrane wing directly into ten-
sion, soft-wing kites achieve high lift-to-weight ratios in
crosswind operation. For example, a 14 m? LEI kite sus-
tained a controlled tether force of 3kN during crosswind
figure-eight manoeuvres, corresponding to a load factor of
approximately 20 relative to the 15 kg airborne system mass
and 60 relative to the 5 kg wing alone (Van der Vlugt et al.,
2019).

Design approaches common for sports kites rely heavily
on experimental testing to determine the aerodynamic perfor-
mance. Likewise, in AWE and WASP, control strategies rely
on empirical measurements of control responses to inform
gain tuning. When scaling kites to sizes required for com-
mercially meaningful wind energy harvesting, such reliance
on experiments becomes prohibitively costly, restricting iter-
ative development cycles and increasing risks.

Instead, numerical simulation tools can be used effectively
to assess kite designs, control responses, and stability deriva-
tives, and to optimize flight paths in a virtual environment,
without reliance on extensive prototype testing. To realize the
full potential of these tools, fluid—structure interaction (FSI)
phenomena must be accounted for by modelling the two-way
coupling between aerodynamic loads and structural defor-
mation (Candade et al., 2020). This FSI modelling has typi-
cally combined aerodynamic models with high-fidelity struc-
tural solvers through iterative coupling (Bosch et al., 2014;
Lolies et al., 2019; Folkersma et al., 2020; Thedens, 2022).
In these partitioned frameworks, the aerodynamic and struc-
tural solvers exchange loads and displacements in successive
iterations until convergence. These iterative procedures make
computational speed a critical factor, particularly in the con-
text of design and optimization.

Simulating the aerodynamics of soft-wing kites is chal-
lenging owing to their complex geometry, which are char-
acterized by a swept-back planform, low aspect ratio, and
pronounced anhedral. A recent review synthesized the state
of the art in AWE aerodynamics, spanning prototype ar-
chitectures, and numerical and experimental methods from
potential-flow models to high-fidelity Reynolds-averaged
Navier-Stokes (RANS) and large-eddy simulation (LES) ap-
proaches (Castro-Ferndndez et al., 2026). Within this con-
text, 3D RANS computational fluid dynamics (CFD) simu-
lations of LEI kites have been conducted to explore varia-
tions in Reynolds number, angle of attack, and sideslip angle
(Deaves, 2015; Viré et al., 2020, 2022). These studies, per-
formed with k-w shear stress transport (SST) turbulence and
y-Rey transition models, revealed characteristic separation
zones and 3D crossflow effects typical of curved, low-aspect-
ratio wings. Despite providing valuable verification data, the
high computational cost of these simulations makes them un-
suitable for iterative optimization.
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Lower-fidelity methods have been developed, including
lifting-line (LL) and vortex-lattice formulations adapted for
curved planforms and low aspect ratios (Gaunaa et al., 2011;
Leloup et al., 2013; Branlard et al., 2022; Duport, 2018),
as well as non-linear vortex-lattice and panel-based formu-
lations capable of capturing moderate flow separation (Kap-
pel, 2012; Leuthold, 2015). Panel and vortex-lattice methods
fail for LEI kites because they cannot accurately capture flow
separation and subsequent reattachment, which dominate the
pressure side of the wing throughout most of its flight enve-
lope (Folkersma et al., 2019).

A proposed multiple-wake extension (Leuthold, 2015)
partially mitigates this limitation but ultimately suffers from
the same underlying problem: when the reattachment line
intersects a separation line, the model cannot robustly re-
solve the local flow topology. Accurately maintaining flow
tangency and impermeability in these regions requires pro-
hibitively fine body and wake discretization, leading to nu-
merical instability and computational costs that undermine
the method’s intended efficiency.

Taken together, these considerations motivate the use of
LL-based formulations as a computationally efficient basis
for aerodynamic simulation, as they retain the dominant 3D
induction effects while avoiding the prohibitive cost of high-
fidelity CFD.

The concept underlying these formulations dates back to
Prandtl (1918), who modelled a finite wing as a bound vor-
tex with a trailing vortex sheet and computed the sectional
lift from the Kutta—Joukowski theorem (Kutta, 1902), evalu-
ated with the vector sum of the freestream and wake-induced
velocities. Two later developments are central to the present
work. First, Pistolesi (1932) showed that the flow-tangency
condition is best enforced at the three-quarter-chord point,
an insight that Weissinger (1947) embedded in a discrete
horseshoe-vortex formulation with improved robustness for
swept wings (Dorn and DeYoung, 1947). Second, begin-
ning with Tani (1934) and formalized by Piszkin and Levin-
sky (1976), the strict no-through-flow condition of classical
potential-flow theory was replaced by a circulation-matching
approach, in which the sectional circulation is iterated to con-
sistency with prescribed 2D airfoil polars, yielding a hybrid
viscous—inviscid formulation that admits non-linear sectional
aerodynamics, including stall. Barnes (1997) combined both
elements in the vortex step method (VSM), which Damiani
et al. (2019) introduced to the AWE field, and Cayon et al.
(2023) extended it to aero-structurally coupled kite simula-
tions.

The predictive capability of any such formulation, how-
ever, hinges on implementation details and on the availabil-
ity of representative airfoil polars for each spanwise wing
section.

The present study focuses on kites with LEI wings,
although the general modelling approach can be applied
to other types of kite. For conventional airfoils, aerody-
namic polars are commonly generated using tools such as

https://doi.org/10.5194/wes-11-4147-2026



J. A. W. Poland et al.: Computational aerodynamics for leading-edge inflatable kite design

XFOIL (Drela, 2013), which couples an inviscid panel
method to an integral boundary layer formulation in a
viscous—inviscid interaction framework. For LEI kites, how-
ever, the inflated leading-edge tube induces persistent
pressure-side separation and recirculation across the full
range of angles of attack (Folkersma, 2022), thereby vio-
lating the thin, predominantly attached boundary layer as-
sumptions underlying such methods. Consequently, inviscid
solvers are unlikely to be suitable for predicting the 2D flow
around such geometries, requiring higher-fidelity viscous
simulations, typically based on the RANS equations (Folk-
ersma et al., 2019). However, this considerably increases
computational demand, especially in the context of itera-
tive aero-structural coupling, where the VSM discretizes the
wing into multiple deforming spanwise sections, each requir-
ing its own polar data.

To reduce computational effort, Breukels (2011) con-
ducted 2D RANS CFD simulations for a parameterized fam-
ily of LEI airfoils and derived a correlation model for air-
foil polars. In this formulation, Cj is represented by a third-
degree polynomial in the angle of attack «, whereas Cq and
Cpy are represented by second-degree polynomials. The poly-
nomial coefficients are expressed as functions of the airfoil
thickness ratio ¢ and camber parameter «, facilitating the ef-
ficient interpolation of aerodynamic polars within the con-
sidered range of airfoil geometries. While substantially re-
ducing computational cost, the approach introduces several
limitations, including discontinuities arising from empirical
extrapolation beyond the simulated angle-of-attack range.
Watchorn (2023) performed new 2D RANS CFD simulations
and reported systematic deviations with Breukels for compa-
rable airfoils.

A fast model alone is not sufficient; numerical models
require rigorous validation to earn industry trust and de-
liver meaningful impact. Although 3D RANS CFD data
can benchmark lower-fidelity methods in incidence and
sideslip (Duport et al., 2019), wind tunnel testing is pre-
ferred. To remove structural and aeroelastic effects, a
rigidized subscale model of the TU Delft LEI V3 kite
was tested with a six-component load balance and stereo-
scopic particle image velocimetry to quantify forces and flow
fields (Poland et al., 20264, b). In a separate campaign on LEI
airfoils, a stethoscope, infrared cameras, zigzag tape, pres-
sure strips, and a pitot-tube rake were used to measure loads,
assess forced transition, and characterize the flow (van Lith
et al., 2026).

This study investigates the aerodynamic modelling of soft-
wing kites using the V3 kite as the reference system, lever-
aging its openly available datasets and further establishing it
as a community benchmark. The aerodynamic behaviour was
simulated using an extended VSM. To provide reliable pre-
dictions at low computational cost, machine learning (ML)
models were trained using 2D RANS CFD simulations. The
substitution of potential-flow-based surrogate models with
an RANS-trained ML model was evaluated against flat-plate
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data and 2D wind tunnel measurements (van Lith et al.,
2026). The influence of the source of 2D input polars on
3D performance was assessed by comparison with wind tun-
nel experiments (Poland et al., 2026b) and 3D RANS CFD
simulations (Viré et al., 2022). The study further examines
VSM convergence characteristics, establishes recommended
best practices, and derives rigid-body stability derivatives.
Finally, kite design considerations are discussed by analysing
the effects of variations in airfoil shape, planform configura-
tion, and tow-point position.

The remainder of this paper is organized as follows. Sec-
tion 2 describes the VSM, Sect. 3 introduces the 2D RANS
CFD setup, and Sect. 4 introduces the deployed ML model
generation and evaluation for 2D LEI airfoils. The results are
discussed in Sect. 5, and design considerations are provided
in Sect. 6.

2 Vortex step method

The implemented VSM largely follows Cayon et al. (2023),
which builds on the formulations of Ranneberg (2015),
Damiani et al. (2019), and Jonkman (2021). The imple-
mented method assumes steady flow around the lifting sur-
face, such that the solution is restricted to the spatial domain
and the starting vortex, presumed far downstream, can be ne-
glected. For circulation matching, the flow is decomposed
into a near-field region in the vicinity of each spanwise sec-
tion and a surrounding far-field region dominated by 3D in-
duction effects. The effect of the flow in the near-field re-
gion is characterized by non-linear viscous airfoil polars that
govern sectional aerodynamic lift, drag, and moment, while
the far-field flow induced by the bound and trailing vortices
is treated as inviscid, incompressible, and irrotational within
the vortex filament framework. These regions are coupled at
a single spanwise location per section, namely the control
point, where the Kutta—Joukowski theorem relates sectional
circulation to the integrated lifting force. The VSM computes
the aerodynamic properties of a given wing through a num-
ber of steps, illustrated in Fig. 1 and described in order in
Sect. 2.1-2.5.

2.1 Wing geometry discretization

To ensure methodological consistency, the geometry of the
TU Delft V3 kite was adopted from previous CFD stud-
ies (Viré et al., 2020, 2022) and wind tunnel experiments with
arigid scale model (Poland et al., 20264, b).

Representative airfoils were extracted as chordwise slices
through the wing (see Fig. Al in Appendix A). The discrete
spanwise locations lie on the spanwise reference line defined
by connecting the quarter-chord points, obtained at each sta-
tion as

Xc/4 =XLE +0.25(XTE — XLE). (L
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eometry discretisation

Sect. 2.1 Wing
g

Sect. 2.2 Place Sect. 2.3 Construct aerodynamic influence
. vortex filaments. matrix and set initial I" per wing section.

Y
Sect. 2.4 [ Calculate induced

Update I using Kutta— ]

Find lift coefficient by
velocity at each control point. computing effective angle of attack. Joukowski theorem and add relaxation

A

{

Converged? Yes =[

Sect. 2.5 Calculate section and wing
level aerodynamic forces and moments.

Figure 1. Flowchart of the VSM, integrating the table-of-contents structure. The three stacked layers represent preprocessing (top layer),
iterative circulation matching (middle layer, Sect. 2.4), and postprocessing (bottom layer). After geometry discretization and initialization,
the spanwise circulation distribution I' is solved iteratively until convergence, after which the sectional and global aerodynamic coefficients

are evaluated.

o
g
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Three-quarter chord point
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Figure 2. Photograph of the TU Delft V3 kite taken in 2012, with wing panels superimposed for illustration purposes. The quarter-chord
and three-quarter-chord points for each panel are indicated. The wing reference frame is defined with the x axis aligned with the mid-span
chord line, the y axis oriented towards the left tip (when looking from the front) parallel to the LE tube at mid-span, and the z axis oriented

in the direction of the bridle lines.

At each location, the section plane contains the global x di-
rection and is oriented in such a way that its normal is per-
pendicular to the local surface normal at x /4.

A formulation with planes aligned with the global x axis
was selected rather than one oriented locally normal to the
quarter-chord line. Although both formulations are equiv-
alent in the linear lift regime, the latter introduces addi-
tional geometric non-linearities once Cj(«) departs from lin-
ear behaviour, which may bias the predicted load distribu-
tion (Fritz, 2024).

The wing is discretized into np, panels, each constituting
a fundamental element of the solver. The number of pan-
els is not required to coincide with the number of chordwise
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slices used to define the geometry. For instance, when adopt-
ing a uniform panel distribution, both geometric properties
(leading-edge (LE) and trailing-edge (TE) coordinates) and
aerodynamic properties (2D polars) defined at the chordwise
slices may be interpolated to an arbitrary value of np.
Because the panels are rectangular, they do not form a ge-
ometrically continuous surface representation. Instead, the
panel system serves to define the bound and trailing vortex
filaments, rather than to reproduce the exact wing geometry.
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2.2 Vortex filament system

Following Kelvin’s circulation theorem and Helmholtz’s
vortex theorems, all vortex elements must form a closed sys-
tem; vortices cannot spontaneously appear or vanish within
the fluid (Batchelor, 1967). Accordingly, the bound vortex
filament, placed at the quarter-chord line of each panel, is
connected to a trailing vortex filament that extends in the
chordwise direction to the TE (see Fig. 3). At the TE, these
are attached to wake filaments, which extend to infinity in
the freestream direction u#,, in accordance with the frozen
wake assumption (Ranneberg, 2015). Aligning the wake with
the undisturbed free stream maintains consistency with the
linearized LL formulation (Phillips and Snyder, 2000). Al-
lowing the wake direction to depend on the locally induced
velocity would introduce geometric non-linearity and re-
quire a free-wake treatment; and for strongly swept or highly
anhedral configurations, spanwise-varying wake directions
may additionally lead to filament convergence or intersection
in a straight, semi-infinite filament model.

At infinity, the wake filaments are closed by an additional
filament, thereby completing the vortex system. This clos-
ing filament is not explicitly modelled, as its aerodynamic
influence at infinite distance is assumed to be negligible.
The resulting vortex structure is known as a horseshoe vor-
tex. Helmholtz’s theorems further require that the circulation
strength remains constant along the length of each vortex fil-
ament (Batchelor, 1967); therefore, each panel has a single
circulation value.

The induced velocity vector uijq at an evaluation point x
due to a finite, 3D-bound vortex filament or chord-aligned
trailing vortex filament is computed using the Biot-Savart
law (Damiani et al., 2019):

I' rixr ri r
uind: _— D) r()' - b (2)
4r |lry x ra|| el llr2ll

where I' is the circulation strength, r; and r, are vectors
from the filament endpoints to x, and r is the vector along
the filament segment.

For the wake filaments, which are modelled as semi-
infinite vortex filaments, the induced velocity at x is given
by Ranneberg (2015):

r ri-u
Uind, wake = — | 1 + L T
’ 4 el

ri X oo

3

71 X dtoo |12

where r is the vector from the filament origin to the evalu-
ation point, and foo = U/ ||| is the wake-direction unit
vector.

A vortex core model was employed to avoid singular be-
haviour by reducing the induced velocity at points located
within a specified core radius, €. For bound vortex filaments,
the core radius is defined as a fixed fraction of the filament
length; here, 5 % was adopted (Garrel, 2003; Damiani et al.,
2019). For trailing and semi-infinite wake filaments, a vis-
cous core model is adopted (Bhagwat and Leishman, 2002),
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with the core radius given by

a0v€

el

) “4)

where g = 1.25643 is the Oseen parameter, v the kinematic
viscosity, and £ the relevant filament length.

For bound and finite trailing filaments, core regularization
is applied for d| < € by evaluating the Biot—Savart velocity
at the radially projected point xproj on the core boundary and
scaling linearly:

d;
Wind, core(X) = s Uind (xproj) s d| <e. )

The perpendicular distance to the filament centreline is

= ||r1><r0||’ ©)
lroll
and xpyo; is constructed by keeping the axial projection of x
onto the filament and setting its radial distance to €.

For semi-infinite wake filaments, € represents a viscous
core of the far wake and is used only to desingularize the
Biot—Savart kernel near the centreline. The corresponding
perpendicular distance is

, (7

dj_’oo = ||r1 Xﬁoo

and for d| ~ < €, the induced velocity is evaluated at the
projected point x o Without additional d| /€ scaling:

Uind, core(X) = Uind (xproj) s dl,oo < €. (®)

2.3 Aerodynamic influence coefficient matrix

To reduce computational cost during the circulation-
matching iterations, the aerodynamic influence coefficients
were precomputed once. Let A € R¥»*" denote the block
aerodynamic influence coefficient (AIC) matrix that maps
the spanwise circulation vector I' € R"» to the induced veloc-
ity at each control point. For panel i =1, ..., np, the induced
velocity is given by

p
Uind,i = ZAij r;, )
i=1

where A;; € R3*! denotes the (i, j) block of A and repre-
sents the induced velocity at control point i due to a unit
circulation on panel j.

To ensure compatibility with non-linear airfoil polars, the
near-field 2D self-induced contribution of panel i is sub-
tracted at its own control point to avoid double-counting
induction effects already embedded in the sectional polar
data (Piszkin and Levinsky, 1976; Ranneberg, 2015; Dami-
ani et al., 2019; Cayon et al., 2023). Define the per-unit-
circulation 2D self-induced influence vector at control point
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Trailing vortex filament Wake vortex filament

Figure 3. Illustration of a single panel, showing the incoming freestream velocity #; in blue and the circulation I" around each filament in
red. The local panel reference frame — defined by the axes xp, yp, and zp —is indicated. The positions of the LE, TE, quarter-chord point ¢ /4,
and three-quarter-chord point ¢3/4 are also shown. Additionally, the panel chord ¢ and panel width w are displayed.

ias

L&p’i X (xi —xo,i)

10
27 e —xoil? (10

Qind, 2D,i =

where jrp’ ; 1s the local spanwise unit vector, and x; — xg,; is
the displacement from the bound-vortex centre of panel i to
its control point. For a given circulation I';, the correspond-
ing 2D self-induced velocity is

Uind, 2D,i = I'i @ind, 2D, - (1D

The effective induced velocity used for circulation matching
is then

Ueff, | = Wind, i — Wind, 2D, i - (12)

This subtraction is applied only to the self-induced contri-
bution of panel i and not to the cross-induced contributions
from other panels.

2.4 lterative solving for circulation

With the AIC matrix assembled, the spanwise circulation dis-
tribution was determined iteratively. At iteration k, the in-
duced velocity vectors at all control points were computed
collectively as

vee (U)) =AT®, (13)

where vec(-) denotes the stacking of the three velocity com-
ponents over all control points, and Ui(r]i()i € R™*3 is the cor-
responding reshaped matrix whose ith row contains ugﬁ()l i
The effective relative velocity at the control point of panel
i was then obtained by adding the local freestream velocity
Ui to the induced velocity:
(k)

rel, i

=Uoo,; +u (14)

u ind, i
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For each panel i, the sectional lift coefficient Cl(ﬁ.) was ob-
tained from the 2D polar using the effective angle of attack

e, i+
(O
u - Zp.i
(ky _ rel,i “P.?
aeff,i = arctan <(/<)—A , (15)
urel, i xP’ l

where ¥, ¥, ;, and Zp; denote the local chordwise (LE-
to-TE), spanwise, and panel-normal (upward) unit vectors,
respectively.

The circulation at each panel was updated using the Kutta—
Joukowski theorem, normalized by the local reference veloc-
ity magnitude:

*) 1l s % 3ol
new’i=§||u RV SR (16)
o0,i X Ypill

where c¢; denotes the local chord length.
To ensure numerical stability, under-relaxation was ap-
plied globally to the circulation array:

l"("“) = (1 - frelax)r(k) + frelaxrglke)w' (17)

The convergence metric dr was defined as the normalized
maximum change in the global circulation distribution be-
tween successive iterations:

max |[T*FD — ®)|
"= max [T*FD)|

(18)

2.5 Converting to global properties

Once convergence was reached, the local aerodynamic force
on each panel was computed as
L

Fi= A PUrel, i

5 (Crifii + Caiti) ciwi, (19)
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where p is the fluid density, w; is the panel width, and Cj;
and Cq; are the sectional lift and drag coefficients, respec-
tively, evaluated at the three-quarter-chord control point. In
other words, the local angle of attack evaluated at the three-
quarter chord was used to obtain the aerodynamic coeffi-
cients from the 2D input data. The magnitude ur); corre-
sponds to the in-plane component of the relative velocity vec-
tOr U] i

Urel,i = ”urel,i X j’p,i ” . (20)

The force direction was set by an in-plane effective-flow
direction following Ranneberg (2015), Jonkman (2021), and
Damiani et al. (2019). This differs from the approach sug-
gested by Li et al. (2022) and implemented by Cayon et al.
(2023); the choice is motivated by comparing simulations of
two geometries with wind tunnel measurements, detailed in
Appendix B.

For each panel i =1,...,np, the in-plane drag-direction
unit vector is defined as

cos (ateff, i ) Xp,i + sin (ctefr, i) Zp,i

[cos (aerr, i) £p.i + sin (et i) Zp.i |

ti = 21

The lift was oriented in the normal direction 72;, which was
constructed as

>

A

n;

i X
=P 22)
I % §p.

The local aerodynamic moment on panel i was defined as

~>| ~>

1 2
M; = Epurel,i

Cin.i §piwic;, (23)
where Cp, ; is the sectional moment coefficient; this moment
represents the pitching moment about the quarter-chord point
of the panel, consistent with the definition of Cp, ;.

The contributions of all panels were summed and pro-
jected onto both the global coordinate directions é,, &, and
¢;, and the body-fixed aerodynamic directions: drag ep,
aligned with u; lift er, perpendicular to drag; and side eg,
orthogonal to both drag and lift. With Uy, = ||uco||, the re-
sulting non-dimensional force and moment coefficients are

2 &
Ci=—-—3 F;-¢,
J pU&S; i J

foréj G{éx,éy,ézyéD’éLaés}’ (24)
2 &
CMm,j=—5 M+ (rcjai—ro) x Fi|-ej,
M, pUgoSCref;[ i ( c/4,i 0) l] J
fore; e {e,, ey, e}, (25)

where S is the projected planform area, cer the reference
chord length, n, the number of panels, r./4; the quarter-
chord location about which the moment is defined for each
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panel, r¢ the chosen global reference point, and é; the pro-
jection direction. The centre of pressure rc, was determined
by

F xM,

WFE 20

Fep=ro+
where F is the combined aerodynamic force vector of the
wing, My is the combined moment vector about the refer-
ence point rg, and || F|| denotes the Euclidean norm of F.
The resulting vector r¢p lies along the line of action of the
aerodynamic force and represents the unique point where this
line intersects the wing surface. This intersection defines the
effective location at which the resultant force can be consid-
ered to act, and it provides a critical indicator of aerodynamic
stability, especially in relation to the trim state of the kite.

3 Airfoil aerodynamics

This section outlines the modelling framework used to gen-
erate aerodynamic airfoil data. It describes the profile param-
eterization, mesh generation, and simulation setup employed
for the CFD analyses, followed by the convergence monitor-
ing procedure.

3.1 Profile geometry parameterization

The parameterization presented here extends the earlier ap-
proach by Breukels (2011), who introduced two fundamen-
tal parameters: the circular LE tube diameter ¢ and the cam-
ber height «, shown in Fig. 4. Subsequently, informed by
the experimental findings of Den Boer (1980), who observed
a forward shift of the maximum camber position with in-
creasing angle of attack, the chordwise location of maximum
camber 1 was incorporated as an essential design parame-
ter (Watchorn, 2023). Another step was to reduce the trailing-
edge height from ¢ /2 to zero, in accordance with the conven-
tional airfoil definition (Kappel, 2012). A TE reflex angle § is
introduced, as this is often used to enhance the static pitching
moment Cy, and reduce the risk of front stall.

The LEI kite profile is constructed by defining a circular
LE tube, smoothly extending it towards the maximum cam-
ber location using a Bézier curve named the front spline, and
subsequently connecting it to the TE via another Bézier curve
called the rear spline (see Fig. 4). Tangent continuity is en-
forced at both the junction between the curves and at the TE,
ensuring aerodynamic smoothness. In this way, the profile
shape can be characterized through six design parameters,
summarized in Table 1.

Each Bézier curve is defined by four control points
[Po, P1, P>, P3], with the parametric coordinate #, € [0, 1]
controlling the interpolation:

B ] =1 —1)*Po+3(1 —1,)°tn Py

+3(1 — 1) 12 Py + 1 P5. 27)
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Figure 4. Overlay of the LEI kite profile parameterizations using Bézier curves.

Table 1. Overview of the profile shape parameters used in the Bézier-curve-based parameterization.

Symbol  Unit Description

SRS
|

o

- Diameter of the inflatable leading-edge tube, non-dimensionalized by chord

Chordwise position of the maximum camber point, non-dimensionalized by chord

Maximum camber height, non-dimensionalized by chord

Reflex angle, defined as the angle between the vectors from the second rear control point to the

TE and the third rear control point to the TE

Camber tension was defined as the degree of curvature tightening or slackening between LE

and TE, non-dimensionalized as the percentage of chordwise distance locating the first control

point on the rear spline

LE curvature defines the placement of the control points along the tangent lines emanating from

the seam angle and the maximum camber location, non-dimensionalized by the total length of
the respective section, i.e. expressed as a fraction of the length of its tangent line

The front spline connects the seam to the maximum cam-
ber point. The seam, i.e. the stitched junction at which the
canopy is attached to the LE tube, is located on the tube cir-
cumference at the seam angle. Because a tensioned mem-
brane cannot sustain a bending moment, the canopy must de-
part the tube surface tangentially; tangent continuity is there-
fore enforced at the seam. The seam angle is determined by a
dynamic search algorithm that increases the angle stepwise
until the apex of the resulting front spline coincides with
the prescribed maximum camber point, thereby selecting the
smallest seam angle for which a tangent departure is com-
patible with the prescribed camber. This generalizes earlier
fixed seam-angle definitions (Watchorn, 2023), which can
produce invalid geometries for weakly cambered profiles. On
the physical kite, the seam additionally acts as the roughness
element that trips the boundary layer, supporting the fully
turbulent modelling assumption discussed in Appendix C.
The intermediate control points of the front spline are po-
sitioned along the tangent lines emanating from the seam
and the maximum camber point, with the LE curvature pa-
rameter ¢ specifying their relative distance along these tan-
gents. In this way, ¢ shapes the curvature distribution: larger
values concentrate curvature near the centre of the curve,
whereas smaller values shift it towards the endpoints. As
surface curvature sets the local pressure gradient, ¢ effec-
tively redistributes the suction along the front spline. Within
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the physically consistent range, however, this redistribution
only slightly alters the pressure distribution and has a neg-
ligible effect on the integral coefficients (Masure, 2025), as
the dominant flow features of LEI airfoils (the suction peak
on the LE tube and the pressure-side recirculation) are gov-
erned primarily by ¢, «, and n. For this reason, ¢ is held fixed
during dataset generation (Sect. 4).

The rear spline connects the maximum camber location to
the TE. The intermediate control points are governed by the
camber tension parameter A, which adjusts profile smooth-
ness, and by the TE reflex angle §. To enhance model ro-
bustness and reduce the number of free parameters, the third
control point is positioned at 20 % of the distance from the
second rear control point to the TE, measured from the sec-
ond rear control point.

3.2 Meshing

To ensure a smooth computational mesh, the LEI kite pro-
file geometry requires specific adaptations. In particular, the
sharp corner at the junction between the lower canopy and
the LE tube is smoothed using a fillet. In addition, a canopy
thickness fcanopy is introduced to represent a realistic finite
thickness, to distinguish top from bottom airflow, and to en-
able a rounded TE.

https://doi.org/10.5194/wes-11-4147-2026
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The optimal fillet size and fcanopy Were determined through
a sensitivity study. Masure (2025) evaluated seven leading-
edge fillet sizes on two reference profiles, spanning enclosed
cross-sectional areas of 0.13-45.52 cm? (conventional) and
4.22-137.12 cm? (highly cambered) for ¢ = 1 m. The small-
est numerically robust configurations, corresponding to en-
closed areas of 0.98 and 4.22 cm?, informed a fixed fillet con-
struction rule that scales with the tube diameter and seam an-
gle, and is applied uniformly to all geometries in the dataset.

A structured O-grid mesh with approximately 1.15 x 10°
cells, shown in Fig. 5, was generated for each profile using a
hyperbolic-Laplace solver in POINTWISE (Pointwise, 2025),
automated via a Python script.

An O-grid topology was selected primarily for its insensi-
tivity to angle-of-attack variations, which reduces the effort
required for case setup, as only one mesh needs to be gener-
ated per profile. As the chord is normalized to unit length, the
2D mesh is extruded by a single cell over one chord length
in the spanwise direction, as required by OPENFOAM'’s 3D
formulation. In the wall-normal direction, the 201 cell layers
are generated by hyperbolic extrusion with a fixed growth
ratio of 1.1 following Watchorn (2023), starting from a first-
layer height of 7.8 x 107 ¢, chosen to ensure y. . <1 over
the entire airfoil at Re=35 x10°. This places the circular
far-field boundary at approximately 1.4 x 10* chord lengths
from the profile, sufficiently far for the freestream bound-
ary conditions not to influence the computed force coeffi-
cients (Masure, 2025). Relative to the next-finer level, the se-
lected production resolution of 575 x 201 cells changed the
lift, drag, and moment coefficients by less than 2 % across the
operational angles of attack, which is taken as the remaining
discretization error.

For all cases, smoothing parameters for hyperbolic extru-
sion in POINTWISE were applied uniformly to ensure mesh
quality and numerical stability. The explicit smoothing pa-
rameter was set to 8 for transverse smoothing, while the im-
plicit parameter was set to 16.0. Kinsey—Barth smoothing,
with a value of 5, was used in the wall-normal direction to
address regions of strong concavity. The volume smoothing
parameter was set to its default value of 0.5.

Node spacing was uniform near the LE and TE, while a
hyperbolic tangent distribution was applied along the canopy
surface to minimize abrupt grid transitions. Mesh indepen-
dence was assessed by Masure (2025), who independently
varied the tangential (275-775 nodes) and wall-normal (161-
221 layers) resolution of the structured O-grid for represen-
tative conventional and highly cambered profiles.

The non-dimensional wall distance y™ is defined as

yt = 2o ‘Zy “ (28)
o0

where poo denotes freestream density, (o the dynamic vis-
cosity, and u, the friction velocity.
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3.3 Simulation setup

By assuming steady-state and incompressible flow,
the steady RANS equations were solved using OPEN-
FOAMV2006, with pressure-velocity coupling managed
internally by the semi-implicit method for the pressure-
linked equations (SIMPLE) algorithm (OpenFOAM, 2006).
For an overview of the numerical schemes, the reader is
referred to Masure (2025). The revised k-w SST model
by Menter (1994) was employed due to its robustness in
capturing both near-wall and outer-region flow physics,
supported by prior implementations in aerodynamic studies
of LEI kites (Folkersma et al., 2019; Viré et al., 2020, 2022;
Watchorn, 2023). All simulations were performed under the
assumption of fully turbulent flow, owing to the measured
turbulence intensities, the surface roughness present on both
suction and pressure sides, and the high Reynolds numbers;
a more elaborate discussion of this modelling choice is
provided in Appendix C.

The inlet velocity scalar u, set to 1 m s™! was projected
in the direction of the angle of attack « to define the inlet
velocity vector

cosa
U; =lUy | Sinax |. 29)
0

The turbulent kinetic energy k; is defined as
3 2
ki = E(”ool) , (30)

where [ represents the freestream turbulence intensity. The
specific dissipation rate w; at the inlet was defined as

. —1
o = ﬁ(z) , 31)
Voo \ Voo

where v; / Voo represents the eddy viscosity ratio. Values of
I =2 % and v; / voo = 10 were selected based on the sensi-
tivity studies of Folkersma et al. (2019) and Viré et al. (2020).

Boundary conditions for velocity u, kinematic pressure
Pk, turbulent kinetic energy k, specific dissipation rate w, and
eddy viscosity v, were applied as summarized in Table 2. Far-
field boundaries employed non-reflecting types; the airfoil
surface was defined as a stationary, impermeable no-slip wall
with appropriate wall functions for turbulence; and spanwise
boundaries were set to EMPTY.

3.4 Convergence monitoring

Convergence was monitored through both equation residuals
and aerodynamic force coefficients. Specifically, residuals
associated with momentum, pressure, and turbulence vari-
ables uy, uy, p, k, and w were required to fall below 1076
(Ferziger et al., 2020), while the force coefficients Cj, Cq,
and Cy, were expected to converge to within 1074,
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Figure 5. Fully structured mesh (575 x 201) for an LEI kite profile with shape parameters t =0.08, n =0.15, k =0.08, § =0°, A =0.2, and
¢ = 0.65. The top panel shows the airfoil, and the lower panels depict, from left to right, the LE tube, the O-grid, and the TE.

Table 2. Boundary conditions and units for velocity, pressure, and turbulence variables.

Variable  Unit Far field Airfoil surface
u ms~!  INLETOUTLET FIXEDVALUE
Pk m%s~2  OUTLETINLET ZEROGRADIENT
k m?s~2 INLETOUTLET FIXEDVALUE
s~ INLETOUTLET ~ OMEGAWALLFUNCTION
v m?s~!  CALCULATED  NUTKWALLFUNCTION

In OPENFOAM, each outer iteration reports two residu-
als per variable: the initial residual, evaluated on the newly
assembled equation before the inner linear solve and thus
measuring how well the previous iterate satisfies it; and the
final residual, which only reflects the inner linear-solver set-
tings. Outer-loop convergence is therefore monitored through
the initial residual, on which the automatic stopping criterion
acts. Because this criterion considers residuals only, a sim-
ulation could terminate before the force coefficients satisfy
the 10~ criterion. To prevent such early termination and en-
sure consistency across all cases, the stopping threshold was
set slightly below the nominal residual criterion, at 8 x 1077
for all flow variables. Each simulation was limited to a max-
imum of 5000 iterations. Cases not reaching the required
thresholds within this limit were classified as non-converged;
these typically occurred at high or negative angles of attack,
where steady RANS solutions become unreliable owing to
increased unsteadiness, e.g. flow separation.

For improved numerical stability, the velocity relaxation
factor was set to 0.8, which dampened residual oscillations
and improved convergence consistency. Representative his-
tories for a typical LEI profile at « = 6° are shown in Fig. 6,
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where final flow residuals fell below 10~ and force residuals
just below 1074,

4 Machine learning

This section presents the development and validation of a
machine learning (ML) surrogate model trained on the aero-
dynamic database generated in Sect. 3. It describes the gen-
eration and filtering of the input data; the training and tuning
of multiple regression algorithms; and the evaluation of their
predictive accuracy for lift, drag, and moment coefficients.

4.1 Defining input profiles

Training data for the ML model were generated by varying
the profile parameters, as shown in Table 3, over a range
that encompasses physically viable profile designs. As vary-
ing ¢ within the marginal physically consistent range was
found to have minimal aerodynamic influence, it was fixed at
¢ =0.65, allowing greater resolution of the remaining pa-
rameters. The angle-of-attack range and sampling density
were chosen to optimize accuracy in the lift polar and to
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Figure 6. Flow residuals at « = 6° for a profile with t =0.0782, n =0.178, k =0.0953, 6 =0.351, A =0, ¢ =0.1.

maintain computational efficiency, with fewer points in the
linear region (2° < « < 10°) and negative «, and a finer step
of 2° near stall. With ¢ held fixed, the sampled input space is
six-dimensional (five varied-shape parameters and the angle
of attack), analysed separately for three Reynolds numbers:
Re=1x 100, representative of small kites or static flight;
Re =5 x 10°, corresponding to typical in-flight operation;
and Re =2 x 107, characteristic of larger kites and/or higher
inflow velocities (Cayon et al., 2025; Masure, 2025).

Sampling Re at discrete levels is consistent with the fully
turbulent modelling assumption (Appendix C). With transi-
tion fixed by the seam roughness elements and the elevated
freestream turbulence encountered in operation, the regime
changes associated with free transition are excluded. The
force coefficients then vary weakly, smoothly, and monoton-
ically with Re between the sampled levels, in line with turbu-
lent skin-friction scaling, as quantified in Appendix D.

This is corroborated numerically by the 3D RANS results
of Viré et al. (2022), which showed a negligible effect on the
integral forces over a factor-two change in Re. It was also cor-
roborated experimentally by the wind tunnel measurements
presented in the companion paper (Poland et al., 2026b), in
which the force coefficients varied only gradually and with-
out abrupt regime changes across Reynolds numbers from
1.3 x 10° to 6.1 x 10°. Only the lowest measured Reynolds
number indicated an earlier stall onset, consistent with tran-
sitional effects at Reynolds numbers well below the fully tur-
bulent regime considered here.

In preprocessing, the profiles were filtered out if the cam-
ber tension control point A was positioned too far aft, i.e. n+
A > 0.8, or if the camber height « was excessively large, i.e.
Kk > 2.5¢t. After filtering, 3464 configurations remained per
angle of attack, resulting in 45 032 simulations per Reynolds
number.

4.2 Input data generation

Case generation was fully automated: for each profile-
parameter combination in the design space, the scripts ex-
ecuted geometry construction, mesh generation, and case
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setup for the required angles of attack and Reynolds num-
bers without manual intervention. The resulting RANS CFD
simulations were performed on the HPC-12 cluster at Delft
University of Technology, with each case decomposed over
four cores, requiring a total of 1.4 x 10° core hours, corre-
sponding to an average of approximately 1 core hour per sim-
ulation. A limited number of cases did not converge within
5000 iterations, predominantly at high angles of attack be-
yond stall, and were subsequently removed from the data.

Additionally, a z-score filtering approach (Dekking et al.,
2005),

(32)

where u represents the mean and o the standard deviation,
was used to identify and remove statistical outliers. Specifi-
cally, for each « and force coefficients, any data point with
an absolute z score greater than 3 standard deviations from
the mean was classified as an outlier and removed, illustrated
in Fig. 7.

Profiles with a maximum camber smaller than tube radius,
ie. Kk < % are defined as camber-limited profiles and repre-
sent 0.23 % of the training dataset. For these cases, the num-
ber of parameters affecting the front and rear splines was re-
duced to ¢ and §, as the removed parameters had little to no
effect. The camber-limited profiles exhibit distinct aerody-
namic characteristics, producing lower lift and stalling earlier
at approximately o = 10°. Consequently, they exhibit rela-
tively high drag coefficients post-stall and increased pitching
moments, indicating a stronger nose-up tendency in pre-stall
flight conditions.

Building a predictive model within this design space re-
quires the definition of both training and test datasets. A sep-
arate test dataset was constructed at different angles of attack
from those used in the training set to verify the predictions at
angles on which the model was not trained, shown in Table 4.
After removing non-converged cases and statistical outliers,
as summarized in Table 4, the final dataset comprises 42 183
training samples and 5016 test samples, corresponding to a
test—train split of 10.6 %.
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Table 3. Design parameter ranges of the generated data for Re =1 x 10°,5 x 10°, and 2 x 107.
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Parameter  Unit Variables  Count
t - 0.03, 0.06, 0.08, 0.1, 0.12 5
n - 0.08, 0.1, 0.15,0.2, 0.25, 0.3, 0.35, 0.4 8
P - 0.04, 0.06, 0.08, 0.1, 0.12, 0.14, 0.16 7
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Figure 7. Aerodynamic coefficients versus angle of attack for the Re =5 x 10° dataset, illustrating filtering of cambered profiles, camber-

limited profiles, and removed data.

The test dataset exhibited a higher overall convergence
rate, which was attributed to its narrower angle-of-attack
bounds, making convergence less prone to failure near the
limits, i.e. at negative « or under stall conditions.

4.3 Model setup

A separate ML model was trained for each Re to predict Cj,
Cyq, and Cy, from any given set of the design parameters and
the angle of attack, resulting in a model with a 7D input space
(six shape parameters and «) and a 3D output space. Because
« enters as a continuous input feature, the model can be eval-
uated at any requested angle of attack, not only at the values
contained in the training data.

By contrast, Re was deliberately not included as a model
input: with only three sampled levels, a tree-based regressor
would represent the Re-dependence as piecewise-constant
steps between the training values. Instead, a separate model
was trained per Re, and for intermediate Reynolds numbers
the sectional polars are obtained by interpolating between
the bracketing models in log Re, which yields a smooth and
monotonic Re-dependence. The resulting surrogate model is
applicable within the trained range Re € [1x10°, 2x10”] un-
der the fully turbulent assumption (Appendix C); transitional
flow at substantially lower chord-based Reynolds numbers
falls outside its scope.
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The quantities C, Cq, and Cp, were selected for the output
because they represent key aerodynamic metrics and allow
for the determination of the chordwise centre of pressure x¢p,
which is a crucial stability indicator. The centre of pressure
is determined through

Cic

Xep = Xref — ’
\/ C12 + Cg sin (tan (g—) + a)

which yielded values within 1 % of those obtained by pres-
sure integration (Masure, 2025).

Model development began with standardizing the filtered
training datasets, after which several regression algorithms
were evaluated using their default settings (Pedregosa et al.,
2011). The selected models were chosen for their strong
baseline performance reported by Pandala (2021), and linear
regression was included for reference. The full ML workflow
is described in Appendix D and illustrated in Fig. D1.

After an initial model run with default settings, hyper-
parameters were systematically fine-tuned using grid-search
cross-validation. In this context, validation refers to the inter-
nal process of developing the regression model across differ-
ent hyperparameter combinations using subsets of the train-
ing data before evaluating the final model’s performance on
an independent test dataset. The coefficient of determination

(33)

https://doi.org/10.5194/wes-11-4147-2026



J. A. W. Poland et al.: Computational aerodynamics for leading-edge inflatable kite design

4159

Table 4. Data filtering steps and resulting sizes for the Re =5 x 10° dataset.

Step Train data Test data Test data o (°)
Simulated data 45032 5187 —8,-3.3,—-1,1.2,
Not converged (removed) 2452 (5.45%) 118 (2.27 %) 2.5,4,5.3,8, 11,
Outliers (removed) 397 (0.93 %) 53 (1.05 %) 144,17, 18.5,21
Final dataset size 42183 5016 -

R2 (Dekking et al., 2005), defined as

RE—1_ Z:‘l:l(yi - yt’)Z’ (34)
S0 =)
was selected as the scoring metric, where y; denotes the true
value for each data point, J; the corresponding model predic-
tion, y the mean value of the observed data, and n the number
of points in the dataset. The hyperparameter search utilized
a k-fold cross-validation approach, dividing the training set
into k = 10 subsets or folds, with 90 % of the data used for
training and 10 % for validation in each iteration. This was
feasible because the dataset was sufficiently large to provide
ample training data for improving model accuracy, measured
here by R?, while still reserving a large enough test set to
ensure reliability, as quantified by a low standard deviation.
Tree-based regressors yield piecewise-constant responses,
so although the model returns a value for any requested «,
the raw prediction varies in fine steps rather than continu-
ously. Where a continuously differentiable polar is required,
e.g. for derivative-based analyses or within iterative solvers,
the model output is sampled at the training angles of attack.
These samples are then fitted with a piecewise cubic Her-
mite interpolating polynomial (PCHIP) spline, whose shape-
preserving, monotone formulation guarantees C! continuity
without introducing spurious oscillations. For a representa-
tive profile, raw predictions queried at arbitrary o deviate
from the PCHIP-fitted polar by less than 0.03 in C; (RMS
0.006), well below the regression error itself, confirming that
the spline is a smoothness refinement rather than a required
postprocessing step.

4.4 Model selection

After tuning was finalized, the performance of each model
was assessed on the test dataset using three metrics: R2, the
percentage root mean square error

1 A2
zZ?’:l(yi —J’i)
(| yeest!)

RMSEq, = x 100, (35)

and the percentage standard deviation

N e

(| ytest])

x 100, (36)

oq =
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where n is the number of test samples, y; and y; are the true
and predicted values, (|yst|) is the mean absolute value of
the test targets, and r; and 7 are the residuals and their mean,
respectively.

Table 5 shows the averaged results per model, from which
extremely randomized trees (ERTs) were selected as they
outperform the other algorithms, achieving the highest RZ,
and lowest RMSEg, and o¢,.

4.5 Model evaluation

As shown in Table 6, the ERT exhibited high predictive accu-
racy with R% > 0.98 across all Re. The standard deviation o
decreased with increasing Re, indicating greater prediction
consistency and improved alignment with CFD predictions
at higher Re.

To further evaluate the model’s performance, three dis-
tinct and representative profiles were selected from the test
dataset, detailed in Table 7. The third profile is notable as
it represents a camber-limited configuration. The prediction
metrics for these profiles are summarized in Table 7 and il-
lustrated in Fig. 8 for Cj, Cq, and C,.

In the plots, the ML model is evaluated at the angles of
attack present in the training data, and the PCHIP spline in-
troduced in Sect. 4.3 provides a C'-continuous polar through
these predictions, from which the coefficients are interpo-
lated at the test angles of attack for comparison with the true
test data.

Overall, profile 2, with + =0.086 close to the LE tube
thickness of the mid-span profile of the V3 kite, exhibited
the highest R? values and the lowest RMSEq, values, indi-
cating the greatest predictive certainty. No consistent trend
was observed in a specific force coefficient; for example, R>
and RMSE¢, were highest either for C4 or for Cp,. In gen-
eral, a lower R? corresponded to a higher RMSE, with the
RMSEg¢, showing larger absolute changes when mispredic-
tions occurred. For instance, in the drag polar of profile 2,
two clear mispredictions increased the RMSE¢, by a factor
of 2 compared with Cj, where only a single misprediction
was present. The drag polars of profiles 1 and 3 revealed a
similar pattern: in profile 1, one large misprediction resulted
in an RMSE¢, approximately four times greater.
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Table 5. ML model verification using R%, RMSE %, and oq, for the Re=5 x 10° model.

ML model Acronym R? (-) RMSE (~) oq, (=)  Training time (s)
K-nearest neighbours KNN 0.9576 18.54% 18.28% 0.05
Linear regression LR 0.6169 55.50%  55.08 % 0.04
Random forest RF 0.9442 21.15% 24.08 % 10.6
Extremely randomized trees ~ERT 0.9857 10.87 % 9.83 % 9.1
Support vector regression SVR 0.7470 4310% 18.23% 46.3
Multi-layer perceptron MLP 0.9366 2242% 17.02% 7.4
Table 6. Regression model performance metrics per Re.
R* ()

¢ Cm R?

Re (-) o9 (=)
1 x10° 10.52%
5x 100 943%
2x 107 7.68%

0.989
0.984
0.983

0.988 0.985 0.987
0993 0.987 0.988
0.995 0.990 0.989

5 Results

This section reports the principal findings of the study, be-
ginning with flow field observations and subsequently pre-
senting a quantitative comparison of LEI airfoil polars. In
addition, the VSM was examined with respect to its conver-
gence characteristics and sensitivity to airfoil-level inputs;
rigid-body stability derivatives were derived; and a concise
synthesis of best practices and limitations was provided.

5.1 Flow field observations

The flow topology at « =2° and o = 8° is shown in Fig. 9,
indicating the pressure-coloured streamlines around the V3
kite mid-span airfoil and the corresponding surface distribu-
tions of Cp and Ct. From the pressure-side streamlines, it
is evident that a recirculation region is present, splitting into
two zones. The first is a corner eddy close to the tube; the sec-
ond, larger zone is more sensitive to inflow angle variations,
decreasing in size as « increases. The rotation direction of
the pressure-side recirculation zone can be inferred from the
friction coefficient; a negative friction coefficient indicates
counterclockwise rotation.

Ata =8°, the Cp indicates a comparatively larger negative
pressure peak at the suction side and shows a distinct upward
pressure peak at the centre of the recirculation zone. Where
the recirculation zone stretches to the airfoil’s surface, the
friction coefficient Cy displays a peak in the opposite (down-
wards) direction. Increasing « from 2 to 8° leads to a more
concentrated and more negative peak. Furthermore, double
values are plotted for both Cp, and Cr in the region where,
along a vertical line, one encounters three pressure-side sur-
faces, a distinct feature of an LEI airfoil.
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5.2 Simulating airfoil aerodynamics

To assess the feasibility of inviscid methods for generating
aerodynamic polars, NEURALFOIL, a physics-informed sur-
rogate model trained on tens of millions of XFOIL simu-
lations and analytical solutions, was utilized (Drela, 2013;
Sharpe, 2023, 2024).

Although XFOIL, on which NEURALFOIL was trained, is
not a purely inviscid method but a viscous—inviscid interac-
tion solver, its integral boundary layer formulation assumes
a thin shear layer coupled to an outer potential flow. Once
separation becomes extensive and the flow no longer resem-
bles a thin boundary layer attached to the surface, the math-
ematical foundation of the model is violated, and the pre-
dicted lift, drag, and pressure distributions can no longer be
considered physically reliable (Drela, 2013). As LEI airfoils
exhibit persistent pressure-side separation and recirculation
that contravene these assumptions, the inclusion of NEU-
RALFOIL permits a structured assessment of the limitations
of such viscous—inviscid approaches when applied to geome-
tries dominated by extensive separated flow.

In this study, the largest model size, xxxlarge, was
used; it achieves maximum errors of less than 0.3 %
in the lift, drag, and moment coefficients relative to
XFOIL (Sharpe, 2024). The boundary layer transition was
set to x/c =0 to mimic the fully turbulent assumption used
in the deployed 2D RANS CFD simulations.

To put the LEI airfoil aerodynamic trends into perspec-
tive, the lift and drag wind tunnel measurements of a flat
plate were used (Wick, 1954). Because moment measure-
ments were not available, the moment polar was computed
following classical flat-plate airfoil theory:
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Table 7. Prediction performance metrics for profiles 1-3.

4161

Profile parameters ‘ R2(—) ‘ RMSEg, (-)
Profile t n K B ) roq Cq Cn | q C4q o™
1 0.032 0308 0.047 —-35 065 0.134 | 0980 0.959 0931 | 114% 253% 258%
0.086 0.192 0.080 —5.6 0.65 0.325 | 0.998 0.996 0.999 33% 6.7 % 2.3%
3 0.115 0.000 0.000 —7.7 0.00 0.000 | 0.950 0.996 0.955 | 19.6% 6.0% 31.0%
0.30
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0.20
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Figure 8. Verification of the ML model using lift, drag, and moment polar for the Re =5 x 106 dataset.

Con = —% sin2a, 37)
where « is in radians.

Figure 10 plots the lift, drag, and moment coefficients
as a function of « for the mid-span airfoil of the V3 kite
(shown in Appendix A), comparing classical flat-plate the-
ory, flat-plate wind tunnel measurements, Breukels’ regres-
sion model, NEURALFOIL, 2D RANS CFD results, and wind
tunnel measurements (van Lith et al., 2026).

The predictions generated by Breukels’ regression model
were considered invalid outside the range |«| <20°. At
these higher angles of attack, the extrapolated polars exhib-
ited unphysical behaviour, including lift and drag discon-
tinuities near o« = £20° and negative drag coefficients for
o < —20°, which were attributed to insufficient smoothing
between the empirical expressions used to extrapolate the
model beyond the CFD-simulated range. Furthermore, as-
suming symmetry and antisymmetry about o =0° was con-
sidered inappropriate due to the airfoil’s inherent geometric
asymmetry.

In terms of lift, the NEURALFOIL predictions align well
with wind tunnel measurements and 2D CFD predictions
up to approximately o = 13°. Beyond this range, however,
NEURALFOIL overpredicts lift and delays stall. For drag, be-
tween @ = —5 and 10°, the NEURALFOIL and Breukels’ pre-
dictions exhibit similar trends to those of CFD simulations
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and wind tunnel measurements but are off in magnitude. At
o > 20°, the Cq predictions of NEURALFOIL and the CFD
approach the flat-plate wind tunnel measurement in slope and
magnitude.

Among all numerical approaches, 2D CFD simulations ex-
hibit the closest agreement with wind tunnel measurements.
Within the linear regime, from approximately o = —1° to
o = 10°, the average percentage errors are 4 % and 16 % for
lift and drag, respectively. The largest discrepancies occur
outside the linear regime, in the negative-lift regime and in
the prediction of the stall angle, where 2D CFD indicates a
slightly delayed stall onset.

The largest discrepancies among the model predictions
arise in the moment coefficient, for which wind tunnel mea-
surements were unavailable for both the LEI airfoil and the
flat plate. Breukels’ model yields the greatest deviation from
all other approaches. From o = —3 to 3° or so, the CFD re-
sults closely follow the flat-plate prediction for Cy,. Begin-
ning around o = 3°, the CFD-predicted Cy, diverges from the
flat-plate trend and instead flattens, maintaining an almost
constant negative value from o =5° to & = 12°. Beyond this
point, a sharp decrease in Cy, is observed, coinciding with
the onset of stall. NEURALFOIL is unable to capture this be-
haviour, and also deviates strongly with negative angles of
attack.

Wind Energ. Sci., 11, 4147-4178, 2026
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Figure 9. Flow fields at o« =2° and o =8° for the V3 kite at Re=1 x 10°. The figures present the surface pressure coefficient Cp and
skin-friction coefficient Cy as functions of the non-dimensional chordwise coordinate x /c.
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Figure 10. The figure shows the airfoil Cj, Cq, and Cy, as functions of «, obtained from different sources evaluated at Re=10°. The
NEURALFOIL and CFD results use the ML profile-1 outline with minimal edge fillet, shown in Appendix A, to mimic the airfoil wind tunnel
profile that had no edge fillet. The Breukels results used a larger edge fillet, corresponding to the CFD profile-1 outline in Appendix A. The
numerical models, except for the flat-plate model, assume fully turbulent flow. This was mimicked in the wind tunnel measurements using
zigzag strips, applied on the suction side at 3 % and on the pressure side at 45° of the tube, which were confirmed to be of sufficient height

to induce transition (van Lith et al., 2026).

5.3 VSM convergence

The VSM permits arbitrary spanwise panel distributions; for
instance, the area between existing strut locations may be
divided into equal parts, arranged with a uniform distribu-
tion or spaced according to a cosine-based scheme — com-
monly used in LL models to concentrate panels near the
tips (Phillips and Snyder, 2000). However, for the V3 kite,
the cosine distribution proved ineffective and failed to con-
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verge when the number of panels n, exceeded 50, whereas a
uniform panel distribution yielded the most robust and reli-
able convergence as n;, increased.

Within this paper, the simulations were considered con-
verged when the metric r <1 x 10_6, and a relaxation fac-
tor of frelax = 0.01 was employed to ensure numerical stabil-
ity.

Figure 11 demonstrates the convergence of aerodynamic
coefficients by showing the percentage error relative to the
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np =150 case for o =2, 8, and 16°. The n, = 150 case was
selected as the endpoint because the VSM often failed to con-
verge for larger values of np. The results were computed us-
ing airfoil data obtained from CFD simulations fitted with
PCHIP, and the used V3 kite airfoils are shown in Fig. A2 in
Appendix A.

The convergence analysis demonstrated that convergence
deteriorated with increasing o, with markedly less smooth
trends at o =16°, consistent with VSM’s post-stall be-
haviour, discussed in Sect. 5.4 and 5.6. Because the solu-
tion converged with increasing n,, the largest panel count
— np =150 — was adopted throughout the remainder of the

paper.

5.4 VSM sensitivity to airfoil aerodynamic input

To place the VSM results with different airfoil inputs in con-
text, wind tunnel measurements and accompanying confi-
dence interval (CI) (Poland et al., 2026b) and 3D RANS
CFD simulations (Viré et al., 2022) are plotted in Fig. 12,
all at Re=5 x 10° except for the 3D CFD simulations,
which are at Re =1 x 10°. The 3D CFD simulations demon-
strated that both the inclusion of struts and the difference in
Reynolds number between Re = 1.0 x 10° (with struts) and
Re=5.0 x 10° (without struts) had a negligible effect on the
integral forces (Viré et al., 2022). The plotted 3D CFD re-
sults differ from those presented in Viré et al. (2022), as they
were corrected for a geometric offset of Aa = 1.02°; further
details are provided in the appendix of the companion pa-
per (Poland et al., 2026b).

The VSM results, generated with 2D RANS CFD PCHIP-
fitted data, differ slightly from the geometry used in the wind
tunnel and 3D CFD, as struts are omitted and differences be-
tween the profiles’ pressure sides emerge near the tips, an
artefact of relying on the parameterization scheme and an
automatic meshing script (see Fig. A2 in Appendix A). The
VSM results based on NEURALFOIL, meanwhile, use the ge-
ometries with struts. The pitching moment Cyy,y was defined
with respect to the tow point, defined as the location where
the bridle lines converge beneath the wing, corresponding
to the attachment point of the tether or kite control unit in
AWE systems. The tow point of the V3 kite is located at
x =1.16m, y =0m, and z = —11 m, relative to the mid-span
LE point. The results are presented in Fig. 12.

The V3 kite operates at o« &~ 1° during reel-in and o = 8°
during reel-out (Cayon et al., 2025), placing the nominal
operating conditions largely within the near-linear portion
of the polar. Accordingly, comparisons are assessed over
a € [—1, 10]° to bracket the operational range and its asso-
ciated variability.

Within this band, all results shown in Fig. 12 exhibited a
consistent linear increase in lift, except for the wind tunnel
measurements, which showed a change in slope at around
o =9°. At negative «, the VSM results based on 2D CFD
data aligned most closely with the measurements. At higher
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o, where LL models are known to be inaccurate, the VSM 2D
CFD predictions surprisingly agreed more closely with the
measurements than the 3D CFD data. In drag, the sensitivity
of the VSM predictions to the airfoil-level inputs was also
evident: the VSM 2D CFD case — the only one without struts
— yielded the lowest drag. Considering both lift and drag,
the VSM with 2D CFD input reproduces the measurements
more closely than the 3D CFD predictions. Averaged over
o € [—1, 10]°, the respective mean absolute errors are 9 %
for lift and 13 % for drag.

The sensitivity of the VSM predictions is most evident
in the pitching-moment coefficient Cyy,y, for which no 3D
CFD data were available. The VSM results deviated from
the measured trend at negative & and became less negative
at higher angles. Within the mentioned «-band, all simula-
tions predicted a continually decreasing Cy,y, wWhereas the
measurements showed a nearly constant and near-zero Cyy, y.

Overall, it is concluded that the VSM predicted the most
consistent trends when using 2D CFD-derived aerodynamic
input, primarily because the associated lift and drag polars
capture stall behaviour more accurately.

5.5 Rigid-body stability derivatives

Rigid-body stability derivatives were obtained by perturb-
ing the apparent velocity angles and the body rates about
a trimmed baseline and evaluating the resulting changes in
aerodynamic force and moment coefficients. Angle deriva-
tives with respect to the angle of attack « and sideslip 8 were
reported per radian, whereas rate derivatives with respect to
the body rates p, g, and r (roll, pitch, and yaw) were non-
dimensionalized to hat-rates using

pb
2Wes'

gCMAC P rb
2Us 2Us’

p= G= (38)
where cpmac = S/b =2.346 m represents the mean aerody-
namic chord with projected surface area § = 19.413 m? and
projected span b = 8.274 m. Sensitivity dC/d& was then ap-

proximated using a central finite-difference scheme:

dC Clerag—cle-ay
o0& 2A¢

) (39)

with perturbation steps Ao = AB =0.005rad and Ap =
Ag = Ar =0.1rads™!. The reported derivatives were con-
firmed to lie close to the central-difference plateau: varying
the angular step over 0.03—1.1° and the rate step over 0.005—
0.1rads™! altered every derivative by less than 0.3 % and
1 %, respectively, with the exception of the two yaw-moment
derivatives dCw ;. /9B and dCw, /9 p, which varied by up to
0.4 % and 3 %.

The perturbation steps were applied around the baseline
trim angle, the angle at which Cy;,y, =0 and 9Cy y/0a <0,
further discussed in Sect. 6. The trim angle was found at
Qyim = 7.469°, with dCy /0 = —2.708 rad~!, indicating
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Figure 11. Convergence analysis of the VSM for Cp,, Cp, and Cy, yata = 2, 8, and 16°. The error relative to the reference case with

np =150 is shown.
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Figure 12. The CL, Cp, and Cyy,y are plotted over an «, for § =0°, for varying VSM simulations, wind tunnel measurements, and CFD

simulations (Viré et al., 2020; Poland et al., 2026b).

local pitch stability. Moments were computed about the tow-
point, i.e. the junction where the bridle lines connect beneath
the wing, as this represents the physical point about which
the kite rotates.

The resulting derivatives, reported in the aircraft refer-
ence frame in Table 8, represent instantaneous rigid-body
stability characteristics; they do not capture unsteady aero-
dynamic effects or the influence of deformation on the dy-
namic response. As deformation was not included, control
effects are likewise absent, because the kite wing relies on
deformation for actuation. Despite this limitation, the aero-
dynamically derived stability derivatives still provide insight
into the kite’s intrinsic stability characteristics, particularly
given the scarcity of comparable data in the literature and the
reference-model status of the V3 kite.

The signs of the static derivatives — 9Cwm /98 <0,
dCM,y/0a <0, and dCy, /9B > 0 — indicated static stabil-
ity in roll, pitch, and yaw, respectively (Etkin and Reid,
1996). The negative diagonal rate derivatives — dCpw /0 p,
dCwm,y/dq and dCy1,; /97 —indicate aerodynamic damping in
roll, pitch, and yaw, with yaw damping an order of magnitude
weaker, consistent with the absence of a vertical stabilizing

Wind Energ. Sci., 11, 4147-4178, 2026

surface. Aerodynamic damping alone does not guarantee dy-
namic stability; resolving the dynamic modes requires a full
modal analysis, including inertia and unsteady effects.

5.6 Best practices and limitations

VSM, like other LL methods, is sensitive to implementation
details, and inconsistent force evaluation can lead to non-
physical performance improvements when these models are
embedded in optimization loops.

For this reason, the present work has prioritized internal
consistency and documented limitations over incremental ex-
tensions whose theoretical implications are not fully vali-
dated.

Examples of excluded incremental extensions include ac-
celerating convergence by initializing the solver with a pre-
viously converged circulation distribution. This strategy was
omitted because the solution exhibited sensitivity to the ini-
tial condition, particularly in the vicinity of stall.

Extensions proposed for swept and sideslip configurations
were explored but not adopted. The first concerned a sweep-
consistent kinematic projection, in which the sectional kine-
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Table 8. Computed rigid-body stability derivatives at the trim angle oy = 7.469°. All quantities are expressed in the aircraft reference
frame, where the x axis is defined positive from the TE to the LE, the y axis is positive towards the right wing, and the z axis is positive
downwards, forming a right-handed coordinate system consistent with standard aerodynamic force and moment sign conventions.

ICx aC, 9C;  9Cmy  9Cmy  9CM  Units
9/ 0.8063  0.0000 —4.1712  0.0000 —2.7080  0.0000 (rad~!)
3/ 0.0000 —1.1421  0.0000 —29370 00000 02163 (rad™!)
9/0p 0.0000 —1.7160  0.0000 —4.5084 00000 03492 (-)
3/dG 12190 00000 49707 00000 —5.0448  0.0000 (-)
3/0F  0.0000 —0.0669  0.0000 —0.1349  0.0000 —0.0931 (-)

matics were evaluated in the plane normal to the local span-
wise direction when coupling the 3D induced velocity to 2D
polars, rather than in the global projection plane used in the
present VSM formulation; this modification produced only
modest changes in the predicted loads. The second involved
a modified near-wake treatment, in which the trailing vor-
ticity was initialized locally perpendicular to the lifting line
before aligning with the far-wake direction (Goates and Hun-
saker, 2021), instead of being directly aligned with the free
stream. This modification reduced the predicted lift of the V3
kite by nearly 40 % and was therefore not retained.

At high angles of attack, convergence issues may arise
when the lift curve becomes non-bijective, such that multiple
values of o correspond to the same C), particularly in post-
stall regimes (Anderson et al., 1980; Chattot, 2004; Mukher-
jee and Gopalarathnam, 2006; Hunsaker, 2007; Gallay and
Laurendeau, 2015; Dias, 2016; Simonet et al., 2024). Similar
discontinuities were observed for the V3 kite in post-stall. To
address potential spanwise discontinuities, a simple smooth-
ing algorithm was implemented to damp sharp local gradi-
ents in the circulation field during iteration. However, no con-
sistent results were obtained, as the smoothing effectiveness
varied with both the number of panels and the geometry. It
was therefore decided to omit the proposed algorithm. The
model of Simonet et al. (2024) was also tested, but it likewise
did not yield consistent results and was therefore excluded.

Discrepancies in drag, most pronounced when comparing
numerical results to wind tunnel measurements (Poland et al.,
2026b), may arise from several sources. One notable fac-
tor is the absence of a spanwise viscous drag contribution
in the baseline model. A correction for this effect, proposed
by Gaunaa et al. (2024), accounts for spanwise flow by de-
composing the local velocity vector into spanwise and per-
pendicular components. The correction was omitted from the
current VSM implementation due to its empirical nature and
limited impact, as it increased drag by approximately 1 %.

To aid convergence, smooth sectional polars are recom-
mended. Computational cost can be reduced by using fewer
panels or by switching from the open-source Python version
to the open-source Julia version, which is about 30 to 50
times faster, and runs in approximately 3 ms with 36 panels
and in 25 ms with 150 panels on a 12th Gen Intel® Core™
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i7-1265U CPU. The 3D RANS CFD simulations required
19394 s of CPU time (Viré et al., 2022), indicating a speed-
up on the order of 10, although the processor specifications
for the 3D RANS CFD computations were not documented.

6 Aerodynamic design considerations

The aerodynamic design of kites presents distinct challenges
relative to conventional aircraft, stemming fundamentally
from their reliance on structural tension for flight integrity
and from differences in the centre of rotation. Kites are
uniquely susceptible to two contrasting stall phenomena:
front stall, which generally occurs at low, negative angles of
attack; and back stall, which manifests at high, positive an-
gles of attack.

A front stall is often an irrecoverable failure mode. Once
the kite initiates a nose-down motion, it is driven into nega-
tive angles of attack, where it produces minimal or negative
lift. As the aerodynamic loading vanishes, line tension drops
and the tensile structure collapses, reducing the kite to an un-
controllable mass of fabric.

In contrast, a back stall usually allows for recovery.

During the pitching-back motion, the kite typically retains
part of its line tension and thus much of its shape. Control
authority can often be restored by depowering, which effec-
tively reduces the angle of attack and stops the stall. When
the pitching-back motion is asymmetric, or when depower-
ing is applied too late or insufficiently, the kite often rotates
naturally in such a way that its heaviest component — the LE
—moves downwards first. As the kite accelerates downwards,
the magnitude of the apparent wind velocity increases, which
reduces the effective angle of attack. Once the angle of attack
re-enters the attached-flow regime, the separated shear layer
can reattach, thereby restoring aerodynamic loading. The re-
sulting renewed line tension re-establishes control authority
before ground impact, often with sufficient time to steer the
kite and keep it airborne.

In-flight, bridled soft-wing kites naturally align them-
selves until the net aerodynamic force and the tether attached
to the tow point become parallel, at which point the moment
arm vanishes and Cyy,y = 0 (Cayon et al., 2026). This equi-
librium defines the trim angle of attack o, which remains

Wind Energ. Sci., 11, 4147-4178, 2026




4166

nearly constant because the tow point offers negligible ro-
tational resistance. For a fixed bridle geometry, this equilib-
rium occurs at a single inflow angle, as corroborated experi-
mentally for two kites, including the V3 kite (Cayon et al.,
2025). The angle changes primarily during the transition
phases, because powering and depowering alter the front—
rear bridle length ratio, which shifts the effective tow-point
location and thereby modifies the pitching-moment balance
that sets «;.

For AWE systems, the design objective is to maximize
the system’s CE / C% (Loyd, 1980) at the trim angle while
maintaining sufficient stability margins to prevent front stall,
which requires careful coordination between the wing’s aero-
dynamic characteristics and the bridle configuration.

This section therefore presents parametric studies to inves-
tigate the effects of airfoil shape in Sect. 6.1, wing planform
geometry in Sect. 6.2, and tow-point location in Sect. 6.3.
Gravitational contributions are neglected in this analysis,
which is considered a reasonable assumption given the low
weight of soft kites relative to aerodynamic forces (Cayon
et al., 2026, 2025). Although aero-structural coupling and
unsteady effects are not included, the results provide valu-
able insight into aerodynamic trends and design trade-offs,
and should be interpreted in the context of these limitations.

6.1 Effect of airfoil shape variation

To quantify the sensitivity of kite aerodynamic loads to air-
foil geometry, the ML model was deployed to systematically
vary the geometric parameters k, 1, t, §, and A. The resulting
airfoil polars were subsequently used as input for the VSM
to evaluate the kite aerodynamic loads. All the airfoil slices,
shown in Appendix A, were uniformly varied by the same
percentage relative to the V3 kite reference, while ensuring
that all parameter values, shown in Table 3, remained within
the bounds used for ML model training. As the V3 kite had
a reflex angle of § =0°, percentage-based variation was not
feasible; therefore, each profile was modified instead by an
equal absolute value. The resulting variations are plotted in
Fig. 13, with the exception of A, which, within the parameter
bounds used for training the ML model, had the least visible
profile change.

The parameter study revealed that the effect on aerody-
namic forces is more pronounced than the effect on the pitch-
ing moment. It furthermore showed that trends in 2D and 3D
aerodynamic performance are not always aligned. For exam-
ple, while the 2D ratio C13 / Cg exhibits a clear peak near
o =6°, the CE / C% gradually increases beyond this angle.
Likewise, variations in ¢ affected Cy, differently depending
on «; the 2D case exhibited a near constant trend at a 10°
angle of attack, whereas the corresponding impact on the 3D
Cwm showed a more uniform, decreasing trend across the in-
vestigated range.

For AWE, the aerodynamic design objective is to maxi-
mize the system ratio Cj / C3, evaluated at the correspond-
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ing trim angle. Compared to the V3 Kkite, the results indicate
that an optimal design would have smaller values of «, larger
values of 7, smaller values of 7, and a small §, although for
the latter, the opposite holds for o > 8°.

6.2 Effect of planform variations

The effect of varying the wing planform geometry was anal-
ysed by simulating three distinct planforms. A cubic Bézier
curve was fitted to the quarter-chord line of the V3 kite wing
using four control points (P, P>, P3, and Py) that preserved
the endpoint positions at tip and root, as illustrated in Fig. 14.
Two shape parameters, namely the distances from Pj to P>
and from Pz to P4, were employed to capture arc fullness
and tip curvature. These distances were initially obtained by
non-linear least-squares minimization of the total point-to-
curve distance between measured quarter-chord points. The
anhedral angle ¢,,, also shown in Fig. 14, was defined as the
angle between the line from P to P, and the line from P; to
Py.

When reconstructing the V3 using cubic Bézier curves, an
aspect ratio of AR =5 was found, with AR defined as

b2
=5
where b =11 m denotes the flat wingspan, not identical to
the projected wingspan and measured as the quarter-chord
arc length in the (y, z) plane when laid out flat.

A second planform with the same non-dimensional arc
shape, but with a 25 % larger aspect ratio, was generated
by keeping the shape parameters fixed, and scaling span and
chord. A third planform was produced by increasing the an-
hedral angle by 25 % to ¢,y =41.73°. The flattened surface
areas of the reference model and enlarged AR planform were
nearly identical, where a reduction of less than 0.5 % was
observed for the planform with enlarged @y.

The aerodynamic effects are presented for both o and B
sweeps in Fig. 15. The trim angles, computed about the
tow point, were oy =6.89° for the baseline configuration,
o = 6.23° for the AR-scaled configuration, and o =7.20°
for the ¢;5-scaled configuration. As the maximum difference
of 0.97° was not considered substantial in view of the ap-
plied shape changes, and to isolate the effect of the planform
change, the 8 sweeps of all configurations were evaluated at
the baseline trim angle of 6.89°.

Increasing the aspect ratio AR, in line with classical air-
craft aerodynamic theory, resulted in higher Cﬁ/ Clz) val-
ues. This was accompanied by a more positive yaw-moment
derivative dCy,; /9. From this, one could conclude that a
kite with a larger AR would generate a greater restoring yaw
moment in response to an offset in 8, thereby enhancing yaw
static stability.

Increasing the anhedral angle ¢,, reduced CE / Clz).

In addition, the lateral-directional coefficients exhibited
stronger coupling: the side-force coefficient Cs increased in

AR (40)
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Figure 13. Effect of changing the profile shape on the aerodynamic performance and pitching moment of the airfoil and wing.

magnitude for a given B, indicative of enhanced turning ca-
pability.

The results demonstrated a fundamental trade-off in kite
design. Increasing AR yielded a higher lift-to-drag ratio,
whereas increasing the ¢,, lowered CE / C]% but enhanced
the turning ability.
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6.3 Effect of tow-point location

The sensitivity of the kite to variations in tow-point position
was analysed by displacing its location in the x and z di-
rections, as illustrated in Fig. 16, which also includes a V3
kite mid-span slice showing the LEI airfoil at the design dis-
tance, spanning precisely the figure x limits. For each tow-
point configuration, the trim angle o and its corresponding
Cj /C3 ratio were determined using the VSM. Since the
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VSM tends to lose accuracy in post-stall conditions, the anal-
ysis was restricted to the range « € [—3, 13°].

The figures include a grey-shaded area indicating where
dCwm,y / 0a > 0, i.e. where the Kite is not statically stable in
pitch and no physically meaningful trim angle can be found.
Additionally, the centre of gravity (CG) and the range of cen-
tre of pressure (CP) positions corresponding to the obtained
trim angles were calculated and plotted.

The results indicate that the trim angle o is more sensi-
tive to variations in x than in z. The same trend is observed
for Cf /C3, 0CwM,y /00, and 0Cy,;/9B. The largest trim an-
gles «y, corresponding to the largest values of Cﬁ / C]%, occur
when the tow point is positioned aft of the CP. However, po-
sitioning the tow point excessively close to the TE should be
avoided, as it may lead to static pitch instability. More re-
strictive is the yawing-moment derivative dCy ; /98, which
shows that parts of the region yielding the highest CE / Clzj
coincide with dCwy /98 < 0, implying static instability in
yaw.

The 0Cw /0P is the only parameter that is more sensitive
to variations in z than in x, and it indicates static roll stability
at the design tow-point location. The results show that raising
the tow point can eliminate the restoring roll moment. This
implies the existence of a boundary in tow-point height at
which the effective roll moment arm about the wing changes
sign, rendering the kite statically unstable in roll. As the CG
lies above this boundary, placing the tow point at the CG lo-
cation would lead to static roll instability. This behaviour is
consistent with expectations for an anhedral wing in conven-
tional aircraft (Etkin and Reid, 1996), and it underscores a
key distinction: kites that rotate about a sufficiently low tow
point require anhedral for roll stability, whereas aircraft that
rotate about the CG require dihedral.

The tow-point variation analysis shows that to avoid static
pitch and yaw instability, the tow point must be placed suffi-
ciently far forward, which becomes more restrictive at higher
z values. The stability gains of placing the tow point forward
come at the cost of a reduced trim angle and, thereby, a lower
aerodynamic performance.

7 Conclusions

A computationally efficient aerodynamic framework for soft-
wing kite design was developed by coupling a vortex step
method (VSM) with CFD-informed airfoil polars obtained
from more than 10> RANS CFD simulations. The resulting
novel RANS-trained machine learning (ML) surrogate model
predicts lift, drag, and moment coefficients for parameterized
LEI airfoils within the trained design space; three models
were trained at Re = 1 x 10°%,5 x 10, and 2 x 107, achieving
R? > 0.98 on held-out test data, with intermediate Reynolds
numbers covered by interpolation in log Re.

Within the operational, near-linear incidence band o €
[—1, 10]°, selected to bracket the reported reel-in and reel-

https://doi.org/10.5194/wes-11-4147-2026
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out angles of attack of the V3 kite, the underlying 2D CFD
data agreed with wind tunnel measurements with mean er-
rors of 4 % in lift and 16 % in drag. When these polars were
used as VSM inputs, 3D lift and drag predictions matched
wind tunnel results within this band on average by 9 % and
13 %, respectively, reproducing measured lift and drag trends
more consistently than the available 3D RANS CFD results.
The latter required 19 394 s of CPU time, whereas the present
framework evaluated the np =150 case in approximately
25ms on the stated CPU, corresponding to an estimated
speed-up of O(10°) for the compared configurations, sub-
ject to differences in hardware, parallelization, and included
preprocessing. This computational efficiency facilitates opti-
mization, aero-structural coupling, and real-time control ap-
plications.

Rigid-body analysis yielded a novel, numerically derived
set of static and rate (damping) stability derivatives for the
TU Delft V3 reference kite. The configuration was found
to be statically stable in roll, pitch, and yaw for the exam-
ined trim condition, and the computed rate derivatives indi-
cate aerodynamic damping within the present quasi-steady
aerodynamic model. A dedicated modal analysis, including
unsteady aerodynamics, is required to characterize the asso-
ciated dynamic modes.

Parametric analysis revealed that configurations maximiz-
ing aerodynamic efficiency, expressed as CE/ Clz), do not
coincide with those improving static stability margins (e.g.
via dCwy,y/0a and dCy,;/0B), indicating a multi-objective
design problem. Within the present quasi-steady, rigid-
geometry analysis, the roll-stability mechanism reverses: an-
hedral is stabilizing for kites rotating around the tow point,
whereas dihedral is stabilizing for aircraft rotating about the
centre of gravity.

The framework provides a validated and computationally
efficient basis for conceptual and preliminary kite design. Fu-
ture work should integrate aero-structural coupling to resolve
wing deformation and its feedback on aerodynamic loading,
for example, by updating spanwise sectional polars in re-
sponse to the local deformed airfoil geometry and operating
point. In addition, optimization studies would benefit from
incorporating variations in bridle geometry and tow-point po-
sitioning to quantify their coupled influence on aerodynamic
performance and stability.

Wind Energ. Sci., 11, 4147-4178, 2026
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Appendix A: Profile distribution

Geometric differences exist between the various simulation
approaches. To illustrate these differences, Fig. Al shows a
spanwise slice taken at 25 % of the chord length of the V3
kite at @« = 6°, plotted for half of the span.

As shown in Fig. A2, a total of 19 chordwise slices are
defined, ranging from “1” at the mid-span to “19” at the tip.
The three simulation techniques differ in the airfoil geometry
across these profiles, illustrated in Fig. A2.

The 3D RANS CFD analysis conducted by Viré et al.
(2020) employed a smoothed geometry, which incorporated
substantial edge fillets downstream of the LE. The 2D RANS
CFD simulations, undertaken to facilitate direct comparison
with the 3D RANS CFD results, similarly included large
edge fillets but did not account for the struts. The ML model,
by comparison, was trained on 2D CFD datasets generated
from geometries designed to approximate the physical con-
figuration as closely as possible. Consequently, it cannot pre-
dict geometries with such large edge fillets; hence, only fillets

Wind Energ. Sci., 11, 4147-4178, 2026

-0.0 -2.0 -4.0

Figure A1. Slice distribution along a representative spanwise sec-
tion of the V3 kite at @ = 6°, evaluated at 25 % chord. The figure
is selected for illustrative purposes and does not correspond to the
exact physical position.
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of significantly reduced dimension are present relative to the
other simulated geometries.

As the tip region was approached, the 2D slice intersected
the LE tube at an increasingly shallow angle; that is, less per-
pendicular and more parallel to the tube axis. This progres-
sion increased the disparity between the respective geome-
tries, most apparent for profiles 18 and 19 in Fig. A2. As the
trained ML model focuses on the LEI airfoil shape, it does
not capture these changes.

Appendix B: Evaluating force direction

Li et al. (2022) revisited the chordwise placement of the con-
trol point in LL-type formulations by embedding unsteady
2D thin airfoil theory into a generalized 3D framework.
Building on the classical thin airfoil solution, they showed
that the quasi-steady lift magnitude is formally linked to the
effective angle of attack evaluated at the three-quarter-chord
point, consistent with the Kutta condition and with the lo-
cation where the no-through-flow boundary condition is en-
forced in Weissinger-type discretizations. In contrast, the di-
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rection of the aerodynamic force is governed by the local
flow angle at the quarter-chord point, where the bound vortex
resides.

Li et al. (2022) validated their correction against blade-
resolved RANS CFD simulations of wind turbine rotors with
finite thickness and viscous effects, and demonstrated im-
proved agreement for coned configurations. For a 15° coned
rotor, the theoretically consistent two-point approach re-
duced power prediction errors by 8 %—10 % relative to sim-
plified one-point implementations, resulting in noticeably
closer agreement with CFD.

To assess the applicability of the correction, derived from
unsteady thin airfoil theory, to highly swept, anhedral kite
wings, VSM simulations were performed for the TU Delft
V3 LEI kite and a ram-air kite using two alternative imple-
mentations: (i) a standard three-quarter-chord evaluation for
both force magnitude and direction (3/4c¢), and (ii) Li’s sug-
gested approach in which the magnitude is evaluated at three-
quarter-chord while the direction is evaluated at quarter-
chord (1/4c). The validation dataset comprised wind tun-
nel measurements for both geometries, supplemented by 3D
RANS CFD for the V3 LEI kite.

Wind Energ. Sci., 11, 4147-4178, 2026
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V3 LEI kite and the ram-air kite (Poland et al., 2026b; Belloc, 2015).

Figure B1 shows that, although both implementations pre-
dict C, accurately and are in close agreement with the mea-
surements and CFD, the 1/4c method systematically under-
predicts Cp relative to the reference data. As a result, the
predicted Cr, / Cp is consistently overestimated. Both kites
exhibit similar trends, with the discrepancy being most pro-
nounced for the V3 LEI kite. In contrast to the wind turbine
results of Li et al. (2022), the standard 3/4c implementa-
tion yields better overall agreement with the experimental
and numerical reference data, particularly for the key met-
ric C L / C D.

The reason why the correction degrades, rather than im-
proves, the drag prediction accuracy is not yet understood.
Consequently, it cannot be concluded that the method pro-
posed by Li et al. (2022) is fundamentally incorrect. Instead,
based on the present validation results, it is inferred that, for
the investigated geometries, the standard 3/4c implementa-
tion provides the closest agreement with the measurements
and is therefore adopted throughout this work.

Li et al. (2022) additionally proposed a single-evaluation-
point pitch-rate correction for unsteady cases. However, eval-
uating this correction requires validation data with known
pitch histories, which are currently unavailable for these con-
figurations; the present comparison is therefore limited to
steady conditions.

Appendix C: Assuming fully turbulent flow

In 2019, Folkersma et al. (2019) showed with 2D RANS CFD
that explicitly modelling boundary layer transition affected
the aerodynamic predictions for Re <2 x 107 under a low
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freestream turbulence intensity of approximately 2 %. This
finding motivated the subsequent use of natural-transition
models in 3D RANS CFD studies of the V3 kite (Viré et al.,
2020, 2022). Recent field measurements of the Kitepower
B.V. VO kite system, however, reported turbulence intensi-
ties of between 5 % and 30 %, with a median of about 8 %
(Cayon et al., 2025; Kitepower, 2025), indicating a substan-
tially more turbulent atmospheric environment than that as-
sumed by Folkersma et al. (2019). Elevated freestream turbu-
lence intensities are known to promote earlier boundary layer
transition, both in terms of lower critical Reynolds numbers
(Fransson et al., 2005; Zhang et al., 2020) and reduced crit-
ical roughness heights (Jain et al., 2024). Taken together,
these observations suggested that the operational flow regime
of the industrial kite system was closer to fully turbulent con-
ditions than to the low-disturbance environment assessed in
the original 2D study.

In addition to the atmospheric turbulence, the full-scale
kite geometry introduced significant surface roughness el-
ements not considered by Folkersma et al. (2019), which
might trigger transition. On the suction side, the canopy was
attached to the leading-edge (LE) tube by a zigzag-patterned
stitching seam located on top of a forward step running
along the span, while the pressure side featured a closing
seam where the canopy wrapped around the LE tube. The
obstacle height associated with the LE seam, representing
the combined effect of the stitching and the step, was mea-
sured as k = 0.6 mm (Masure, 2025). In a 2D LEI wind tun-
nel experiment, a zigzag roughness height of 0.3 mm was
found to already be sufficient to trip the boundary layer at
Re=5x 107 (van Lith et al., 2026). This is consistent with
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classical roughness-induced transition theory. The onset of
transition by a roughness element of height k is commonly
characterized as

K — Rey, critv
Uy

where v is the kinematic viscosity and Uy the local ve-
locity at the roughness height (Braslow and Knox, 1958).
One finds that the roughness scales inversely with the ve-
locity. In other words, the faster the flow is, and thereby
the higher the Reynolds number, the smaller the roughness
height needs to be. Given that 0.3 mm was found to be suf-
ficient at Re=35 x 10°, 0.6 mm was deemed sufficient at
Re =3 x 10° — the approximately averaged Reynolds num-
ber encountered during the V3 flight (Cayon et al., 2025).

For the pressure side, van Lith et al. (2026) reported that
the pressure-side flow close to the LE tube should be charac-
terized by a different Reynolds number. Using the tube diam-
eter as a characteristic length, an effective Reynolds number
was found that is roughly 1 order of magnitude smaller than
on the suction side. Masure (2025) found the closing seam
height to be approximately 10 times larger than the suction-
side zigzag seam, the direct opposite. In terms of the rough-
ness Reynolds number, these two effects approximately com-
pensated each other, suggesting that the pressure-side seam
also operated above the critical roughness threshold.

Although detailed boundary layer measurements on the
pressure side were not available, and thus a definitive experi-
mental confirmation could not be provided, the combined ev-
idence of (i) substantially higher atmospheric turbulence lev-
els than in previous low-disturbance CFD studies, (ii) super-
critical stitching seams on at least the suction side and likely
also on the pressure side, and (iii) the trend towards higher
Reynolds numbers with continued industrial upscaling pro-
vided the basis for assuming fully turbulent boundary layers
in the presented 2D CFD simulations. This modelling choice
was considered more representative of the operational flow
conditions than not modelling the suction- and pressure-side
seams, and letting the flow transition naturally over a smooth
surface.

, (CDH

Appendix D: Machine learning model

Building the machine learning (ML) model involved several
steps, illustrated in Fig. D1. In the blue boxes on the top-
left, the data creation steps are shown. This involved defin-
ing a parameter grid, running 2D RANS CFD simulations,
and splitting the data into training and test sets. Both datasets
were preprocessed, and outliers were removed as explained
in Sect. 4.

In the purple block, the model setup is illustrated. Building
the ML model began with standardizing the filtered training
datasets using a standard scaler to ensure consistent weight-
ing of all input parameters. Multiple regression algorithms
were then evaluated using their default settings (Pedregosa
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et al., 2011), with the selected models chosen for their strong
baseline performance reported by Pandala (2021). Linear
regression (LR) was also included for reference. The hy-
perparameters of the selected algorithms were subsequently
optimized using a grid-search procedure with k-fold cross-
validation, using the coefficient of determination R? as the
scoring metric. The dataset size was sufficient to allow reli-
able training—validation splits while still retaining a large and
representative test set.

After hyperparameter tuning, the final models were eval-
uated on the independent test set. As the tree-based model
response is piecewise constant in «, the outputs were addi-
tionally fitted with a PCHIP spline where a C!-continuous
polar was required.

To quantify the Reynolds-number sensitivity across the
three per-Re models, the polars of the three representative
test profiles of Table 7 were evaluated with each model.
Table D2 reports C; and Cq at o =6°, representative of
the reel-out operating condition of the V3 kite flight in
2019 (Cayon et al., 2025). Across the factor of 20 in Re,
C) increases by 1 %—8 % while Cq4 decreases by 14 %—26 %.
The drag reduction between Re =1 x 10% and 5 x 10° cor-
responds to a fitted power-law exponent of approximately
—0.145, in close agreement with the turbulent skin-friction
scaling Cy ~Re~ /7 although the decay flattens towards
the highest Reynolds number. Across the operational band
a € [—1,10]°, the three independently trained models re-
main closely spaced and consistently ordered; where the or-
dering is not strictly monotonic, the differences are within
the regression uncertainty (Table 6). The largest sensitivity
occurs at stall onset, where the stall angle increases with
Re, consistent with expected boundary layer behaviour. The
gradual, physically consistent variation across the sampled
levels supports obtaining polars at intermediate Reynolds
numbers via interpolation in log Re (Sect. 4).
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Table D1. Overview of ML models, hyperparameters, and R? values.
ML model Hyperparameters R2(-)
K-nearest neighbours (KNN) number of neighbours=8 0.945
Linear regression (LR) - 0.617
Random forest (RF) n-estimators=130, max-features=sqrt, min-samples-split=2 0.993
Extra trees (ERT) n-estimators=130, max-depth=None, 0.991
max-features=log2, min-samples-split=2
Support vector regression (SVR)  kernel=rbf, C=1, epsilon=0.1, gamma=scale 0.737
Multi-layer perceptron (MLP) hidden-layer-sizes=100, activation=tanh 0.941

Table D2. Reynolds-number sensitivity of the per-Re ML models: predicted Cj and Cq at @ = 6° for the test profiles of Table 7.

GO | i)
Profile 10 5x10® 2x107 | 10° 5x10% 2x107
1 0.980 0989 0990 | 0.0144 0.0114  0.0106
2 1057 1107 1139 | 00174 00148  0.0150
3 0.689 0716 0731 | 0.0226  0.0205  0.0194

Wind Energ. Sci., 11, 4147-4178, 2026 https://doi.org/10.5194/wes-11-4147-2026



J. A. W. Poland et al.: Computational aerodynamics for leading-edge inflatable kite design

Code and data availability. The geometric mesh of
the TU Delft V3 kite is available on Zenodo at
https://doi.org/10.5281/zenodo.15316036 (Poland et  al,
2025a) and via https://awegroup.github.io/TUDELFT_V3_
KITE/docs/datasets.html ~ (last access: 19 October 2026)
(which also contains more information and other datasets).
The code for generating the diagrams in this paper is avail-
able on Zenodo at https://doi.org/10.5281/zenodo.18351807
(Poland et al, 2026c) or directly on GitHub at https:
//github.com/jellepoland/WES _aero_sim_for_kite_design (last
access: 19 October 2026). The data supporting this paper,
needed to run the code, are available through Zenodo at
https://doi.org/10.5281/zenodo.18351331 (Poland et al., 2026d).
The trained ML surrogate models, required to run the code
and provided separately owing to their size (~7 GB), are avail-
able on Zenodo at https://doi.org/10.5281/zenodo.16925758
(Poland et al., 2025b). The code relies on version
2.2.0 of the vortex-step method, available on GitHub at
https://github.com/awegroup/Vortex-Step-Method ~ (last access:
19 October 2026). The geometry, wind tunnel results, and polars
used in Appendix B for the Belloc (2015) case are available at
https://github.com/fairaero/Belloc-validation-data (last access: 19
October 2026) (last access: 16 February 2026).
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