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Abstract. Leading-edge inflatable (LEI) kites are morphing aerodynamic surfaces that are actuated by the bridle
line system. Their design as tensile membrane structures has several implications for the aerodynamic performance.
Because of the pronounced C-shape of the wings, a considerable part of the aerodynamic forces is redirected sideways
and used for steering. The inflated tubular frame introduces flow recirculation zones on the pressure side of the wing.
In this paper, we present wind tunnel measurements of a 1 : 6.5 rigid scale model of the 25 m? TU Delft V3 LEI kite
developed specifically for airborne wind energy (AWE) harvesting. Aerodynamic forces and moments were recorded
in an open-jet wind tunnel over wide ranges of flow conditions, including angles of attack from —11.6° to 24.5°,
sideslip angles from —20° to 20°, and freestream velocities from 5 to 25 ms~!. The wind tunnel measurements
were performed with and without zigzag tape along the model’s leading edge to investigate the possible boundary
layer tripping effect of the stitching seam connecting the canopy to the inflated tube. At a Reynolds number of
5% 10%, the addition of zigzag tape was found to reduce lift and increase drag, indicating a negative impact on
aerodynamic performance. The rigid scale model was manufactured to match the undeformed geometry employed
in Reynolds-averaged Navier—Stokes (RANS) simulations from the literature, rather than the unknown in-flight
deformed geometry. A representative subset of the measurements was used to benchmark both these RANS and new
Vortex-Step Method simulations. Both computational methods successfully reproduced the measured trends under
nominal operating conditions. While discrepancies in drag persisted, excellent agreement for both lift and side force

coefficients was observed, with deviations remaining within the 10% range.

1 Introduction

Airborne wind energy (AWE) systems use tethered flying devices to capture wind energy. The innovative technology
promises to save up to 90% of the material mass of conventional wind turbines (Van Hagen et al., 2023; Coutinho,
2024), resulting in a lower environmental footprint and potentially lower costs while providing access to previously
untapped wind resources at higher altitudes (Bechtle et al., 2019; Kleidon, 2021). A prominent concept, that is

also highly mobile, uses the pulling force of a soft kite maneuvered in cross-wind patterns to drive a ground-based
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Figure 1. Ground-generating AWE system based on the TU Delft V3 kite, initially designed for a 20 KW technology
demonstrator that was first used in 2012: (a) System overview, with tether and ground station depicted only schematically;
(b) Components of the kite, consisting of wing, bridle line system and kite control. Adapted from Poland and Schmehl (2023).

drum-generator module (Vermillion et al., 2021; Fagiano et al., 2022). Figure 1(a) illustrates the components of such
an AWE system equipped with a leading-edge inflatable (LEI) kite with suspended kite control unit (KCU). The
kite operates in pumping cycles, alternating between traction and retraction phases, to generate a net positive power
output. During the reel-out phase, the kite is guided in cross-wind flight patterns with its wing pitched to a high
angle of attack. Once the tether reaches its maximum length, the cross-wind patterns are terminated, the wing is
pitched to a low angle of attack and the tether is retracted, using some of the previously generated and buffered
energy. The cyclic operation results in a net energy gain because the aerodynamic force during the reel-out phase is
substantially larger than the force in the reel-in phase, which is also shorter than the reel-out phase.

Figure 1(a) further details the components and actuation layout of the kite. The KCU pitches and morphs the wing
by adjusting the lengths of the rear bridle lines via the steering and depower tapes. Besides this actuation-induced
deformation, the tensile membrane structure is also subject to strong aero-structural coupling (Oehler and Schmehl,
2019). The tubular frame of the wing consists of an inflatable leading edge tube and several connected inflatable

strut tubes. This frame provides structural stability for handling on the ground and for launching and landing, and,
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once the kite is in flight, it transmits the aerodynamic forces from the canopy to the bridle line system (Poland and
Schmehl, 2023).

An optimal kite design can be regarded as an effective compromise between pulling force and controllability,
acknowledging that both competing properties are tightly coupled. For instance, increasing the aspect ratio will
generally increase the pulling force but decrease the agility of the kite. Similarly, making the wing flatter will
increase its pulling force but decrease its steerability.

The aerodynamic properties of a kite have a major influence on the amount of wind energy that can be harvested.
Accordingly, these properties play an important role in kite design, performance estimations, failure load prediction,
and stability analysis for ensuring reliable and robust operation. A common approach for aerodynamic system
identification is based on flight experiments. One option that provides reasonable control over the inflow conditions
is towing a small kite along a straight track to measure lift, drag, and dynamic response (Dadd et al., 2010; Python,
2017; Hummel et al., 2019; Rushdi et al., 2020; Elfert et al., 2024). A second option, applicable to larger industrial-
scale kites, involves directly using sensor data from an operating AWE system to determine forces, position, and
inflow conditions (Schmidt et al., 2017; Van der Vlugt et al., 2019; Oehler and Schmehl, 2019; Roullier, 2020;
Schelbergen and Schmehl, 2024; Cayon et al., 2025). However, in-flight experiments are expensive, risky, and offer
limited control over inflow conditions.

A less expensive, safer, and more scalable alternative is numerical simulation, which, due to actuation-induced
morphing and strong aero-structural coupling, generally requires iterative resolution of both aerodynamic and struc-
tural mechanics (Breukels, 2011; Leloup et al., 2013; Bosch et al., 2014; Duport, 2018; Van Til et al., 2018). However,
simulations necessitate validation, which is best achieved through wind tunnel testing that allows precise control of
inflow conditions. Moreover, simulations are constrained by computational limitations—such as the need to ensure
numerical stability and finite computational resources—which often necessitate simplifications such as RANS mod-
elling. Wind tunnel tests, therefore, serve not only for validation, but also enable controlled, repeatable parametric
studies that are difficult or impractical to perform numerically. Although wind tunnel experiments for LEI kites have
not been reported in the public literature, related soft-wing structures have been described, including sail airfoil sec-
tions (Den Boer, 1980), paragliders (Nicolaides, 1971; Matos et al., 1998; Babinsky, 1999), ram-air wings (Wachter,
2008; Rementeria Zalduegui and Garry, 2019), and inflatable wings (Cocke, 1958; Smith et al., 2007; Okda et al.,
2020; Desai et al., 2024).

One significant challenge for wind tunnel studies of industrial kites is that these membrane structures, which
typically range from 50 to 500 m?, cannot be accommodated within standard wind tunnels and therefore necessi-
tate down-scaling. Aeroelastic effects complicate scaling because maintaining the correct proportion of structural
to aerodynamic loads is non-trivial, as highlighted by Oehler et al. (2018). Additionally, developing such models
encounters manufacturing and structural material limitations; for instance, adjusting beam bending stiffness would

necessitate impractically high inflation pressures. Lastly, comparing experimental data to aero-structural coupled
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simulations lacks speci city, making it unclear whether discrepancies arise from errors in modeling aerodynamics,
structural dynamics, coupling mechanisms, or other factors.

Wind tunnel experiments using rigid kite models eliminate the aeroelastic scaling issues and provide aerodynamic
data with a high degree of certainty on the in ow. Belloc (2015) presented wind tunnel measurements of & : 8
scale paraglider model, in which the anhedral angle de ned as the downward inclination of the wing relative to
the horizontal plane when viewed from the front follows an elliptical shape, and the model incorporates a spar
made of a wood carbon composite sandwich. During the tests, in ow velocities reachedt0 ms !, corresponding
to Reynolds numbers of9:2 10°. The experiments covered angles of attack ranging from 5 to 22 and sideslip
angles from 15to 15 . The results showed that the arched paraglider wing exhibits distinct aerodynamic behaviour
compared to a at wing, especially in lateral dynamics. Wing curvature couples sideslip and local angle of attack,
modulating spanwise lift distribution and generating lateral force, pitch-down moment, stabilising yaw moment, and
a roll moment that lifts the wingtip opposite to the sideslip direction, referred to as "pendulum stability’.

Omitting deformation isolates the aerodynamic problem and provides the necessary speci city to validate simula-
tions. The literature reports LEI kite aerodynamic simulations ranging from low- delity potential ow methods to
high- delity computational uid dynamic (CFD) methods. The potential ow methods are often a form of Prandtl
(1918) lifting-line theory, and to increase accuracy, most models include the addition of nonlinear section lift-curve
slopes, i.e., airfoil polars (Leloup et al., 2013; De Solminihac et al., 2018; Cayon et al., 2023). The airfoil polar
aerodynamic simulations should incorporate viscosity and vorticity to accurately represent the generally present
separation zone aft of the in atable tube, e.g., using Reynolds-Average Navier Stokes (RANS) CFD (Breukels, 2011;
Folkersma et al., 2019; Watchorn, 2023). RANS CFD simulations have also been conducted in three dimensions for
the TU Delft V2 kite (Deaves, 2015) and for the V3 kite with and without struts (Viré et al., 2020, 2022).

The present paper is based on the graduation project of Van Spronsen (2024), presenting a novel wind tunnel
experiment of an LEI kite to acquire validation data for numerical tools. The aerodynamic characteristics of a rigid
scale model of the V3 kite were obtained over an extensive range of in ow conditions, with a high degree of certainty
regarding the match between simulated and measured geometry and in ow conditions. Thorough analysis of potential
sources of uncertainty reinforced the reliability of the measured aerodynamic loads. In addition, the e ects of forced
boundary-layer transition, Reynolds number variation, and sideslip were examined in detail. Measured aerodynamic
forces and moments were compared with numerical simulations to assess the consistency between experimental and
computational results.

The remainder of this paper is organized as follows. Section 2 describes the experimental methodology. Section 3
presents the results of our wind tunnel tests, focusing on analyzing the uncertainties and the e ect of Reynolds
number. A discussion on the agreement with numerical predictions follows in Sect. 4, and the conclusions are
presented in Sect. 5 along with recommendations for future work.
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2 Experimental methodology

This section rst discusses the specics of the wind tunnel and the scale model. This is followed by a description
of the experimental setup, the measurement matrix, zig-zag tape measurements, and the data processing method,
including the required wind tunnel corrections.

2.1 Open Jet Facility

The wind tunnel experiments were conducted in the Open Jet Facility (OJF) at the Faculty of Aerospace Engineering
of Delft University of Technology from 1 to 10 April 2024. The facility is a closed-loop wind tunnel, featuring an
octagonal jet exhaust nozzle with maximum dimensions o2:85 2:85 m, and a contraction ratio of 3:1, as illustrated
in Fig 2. The jet discharges into a test section room with dimensionsl3 m in width and 8 m in height. The wind
tunnel is equipped with a 500kW electric motor driving a large fan, which generates a controlled streamwise velocity
of up to 35 ms ! in the test section. Corner vanes and wire meshes guide the ow to ensure uniform ow conditions,
resulting in a turbulence intensity of 0.5% in the test section (Lignarolo et al., 2014).

2.2 Rigid scale model

As the original TU Delft LEI V3 kite is 8.3 m wide and the width of the OJF exhaust nozzle is only 2.85m, a scale
model had to be used. With the main purpose of the measurement campaign being the acquisition of validation data
for numerical tools, the scale model was manufactured to match the wing geometry used in earlier CFD simulations
(Viré et al., 2022). This geometry was adapted from the original design CAD model to facilitate mesh smoothness in
the simulations. Notably, the bridle line system was omitted, the trailing edge connecting the upper and lower canopy
surfaces was rounded, and an edge llet was applied at all canopy tube junctions. The only di erence between the
CFD and manufactured geometries is the use of a canopy with increased thickness for structural integrity 3to 4 mm
instead of 1 mm. The model geometry was veri ed using a laser tracker with a spatial resolution of0:5 um (FARO,
2024). Figure 3 compares the manufactured physical model with the rendered geometry and the overlaid laser-tracked
outline of the physical model. The agreement between the manufactured and rendered geometry was withih mm
in chord, height, and width, corresponding to errors of less than0:25%n all cases, as detailed in Table 1.
Considering manufacturing costs, handling limitations, Reynolds number scaling, and wind tunnel blockages, we
decided on a 1:6.5 scaling of the wind tunnel model, leading to the dimensions listed in Table 1. The anhedral swept
wing with a bow-shaped leading edge and double-curved canopy was manufactured by Curveworks B.V. using carbon
ber reinforced plastic layed-up in a 3D-milled mold from structural foam. The canopy is 3 mm thick, except for
the two central panels, which are 4mm as they need to sustain a higher load. The outer layers provided the most
structural support and were made of carbon ber. The 1 or 2mm inner layers were made of a glass ber-reinforced
polymer. Structural foam was used inside the chordwise struts, except for the two inner struts, which incorporate
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Figure 2. CAD drawing of the experimental setup, showing the origin O in the load balance representing the point at which
the load measurements are made. The x-axis runs along the longitudinal direction of the wind tunnel, pointing downstream
parallel to the wind. The y-axis is oriented laterally, pointing to the right when facing upstream, or, from the kite's perspective,
right when looking from the trailing edge towards the leading edge. The z-axis is vertical, pointing upwards. The rotary table,
load balance, support structure, and kite are all placed on the blue table, which was adjusted in lateral position and height

to center the model in the nozzle exit.
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Figure 3. Rigid scale model of the TU Delft LEI V3 kite: (a) photograph of the model, rotated by 180 , with its back facing
the blue octagonal OJF exhaust nozzle; (b) rendering of the model from a similar perspective, with the laser-tracked outline
overlaid in red, and the reference chord cet, height h, and width w indicated in white.

Table 1. Properties of the rigid scale model, including values for the physical scale model and the scaled design geometry.
The physical model properties were measured using a laser tracker, while the scaled design geometry values correspond to

the scaled design geometry of the kite. The relative error between the physical model and the scaled design geometry is also

provided.

Property Symbol Unit Physical Scale Model Scaled CFD Geometry Relative Error (%)
Midspan chord Cref m 0.395 0.396 0.25

Height h m 0.462 0.462 0.00

Width w m 1.278 1.277 0.08

Mass m kg 7.965 - -

Flat surface area S m? - 0.59 -

Planform area A m? - 0.46 -

two parallel steel rods. These rods slide into the two aluminum sleeve tubes of the support frame, as illustrated in
Fig. 3(a).

2.3 Measurement equipment

The support frame is a truss structure assembled from custom-cut aluminum pro les. The angle of attack quanti es
the inclination of the mid-span chord line with respect to the in ow, and can be adjusted as illustrated in Fig. 4.
The angle was measured with an accuracy of 0.1by placing two digital inclinometers on the aluminum sleeve tubes.
The measured value is converted to the angle of attack by subtracting the o set angle 6.3 between the chord
line and the parallel steel rods of the model. The support structure was placed aft of the kite to minimize ow



