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Abstract: Leading-edge inflatable (LEI) kites use a pressurized tubular frame to structurally support
a single skin membrane canopy. The presence of the tubes on the pressure side of the wing leads to
characteristic flow phenomena for this type of kite. In this paper, we present steady-state Reynolds-
Averaged Navier-Stokes (RANS) simulations for a LEI wing for airborne wind energy applications.
Expanding on previous work where only the leading-edge tube was considered, eight additional
strut tubes that support the wing canopy are now included. The shape of the wing is considered to be
constant. The influence of the strut tubes on the aerodynamic performance of the wing and the local
flow field is assessed, considering flow configurations with and without side-slip. The simulations
show that the aerodynamic performance of the wing decreases with increasing side-slip component
of the inflow. On the other hand, the chordwise struts have little influence on the integral lift and
drag of the wing, irrespective of the side-slip component. The overall flow characteristics are in
good agreement with previous studies. In particular, it is confirmed that at a low Reynolds number
of Re = 105, a laminar separation bubble exists on the suction side of this hypothetical rigid wing
shape with perfectly smooth surface. The destruction of this bubble at low angles of attack impacts
negatively on the aerodynamic performance.

Keywords: airborne wind energy; leading-edge inflatable wing; RANS; side-slip flow; struts; aerody-
namic performance

1. Introduction

Wind energy will be a key enabler for the global energy transition in the years to
come [1,2]. To meet the climate goals that many nations have set, wind power will have
to grow at an unprecedented rate and will need to be harnessed at new locations. This
also drives the development of new concepts that are low cost, resource efficient, and fast
to deploy and that have a low environmental impact. Airborne wind energy (AWE) is
one of these emerging technologies, using flying devices that are tethered to the ground,
to harness wind energy at higher altitudes [3].

One prominent implementation of the technology uses the pulling force of a wing that
is tethered to a ground-based drum-generator module. For continuous power generation,
the wing is operated in pumping cycles, alternating between tether reel-out and reel-in
phases. During reel out, the wing flies fast crosswind manoeuvres and the torque acting
on the rotating drum is converted into electrical power. To maximise the generated power,
a high angle of attack of the wing is maintained. For reel-in, the crosswind maneuvers
are discontinued and the wing depowered, for example, by lowering the angle of attack.
As consequence, the wing is subjected to a wide range of operational conditions during
pumping cycle operation. For a leading-edge inflatable (LEI) wing flying figure-of-eight
crosswind manoeuvres, typical variations of the angle of attack are 6◦ ≤ α ≤ 16◦ during the
reel-out phases and −8◦ ≤ α ≤ 4◦ during the reel-in phases [4,5]. The sideslip angle, which
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is measured between the wing heading and the actual inflow, varies between −10◦ and 10◦.
For an accurate prediction of the power output, it is important to know the aerodynamic
performance of the wing over the entire operation cycle.

The aerodynamic characteristics of LEI wings for airborne wind energy applications
have been studied both numerically and experimentally in the past. So far, experimental
work was mainly focused on in-flight measurements, either by executing flight manoeuvres
tethered to a fixed ground station [5–9] or by towing the wing with a vehicle [10–12]. Wind
tunnel tests are only of limited use because of the inherent difficulty to down-scale the
inflatable membrane structure and at the same time maintain its aero-elastic properties.
Whilst in-flight measurements are useful to understand the overall behaviour of the wing
under realistic conditions, they do not easily allow for isolating the effects of different
parameters on the aerodynamic performance. Numerical simulations, by contrast, are
well suitable for a systematic investigation of different inflow conditions with varying
parameters, one at a time.

Numerical studies can be classified according to the level of model fidelity. Potential
flow methods, such as the lifting line method or the vortex lattice method (VLM), are
computationally efficient and particularly suitable for quick design iterations. Methods
based on solving the Navier-Stokes equations, on the other hand, are generally more
accurate, because they are able to inherently resolve flow separation and turbulence, but the
effort to generate a high-quality volume mesh is also much higher.

In [13], the classic lifting line method was adapted to kite wings with variable dihedral
and sweep angles. The direct solution is based on a collocation method which can not
account for a non-linear behaviour of the lift coefficient, limiting the use to small angles
of attack. In [14], an extension to a three-dimensional non-linear lifting line method
was presented to account for the non-linearity of the lift coefficient. Using a conventional
NACA2412 airfoil, the method was compared to Reynolds-Averaged Navier-Stokes (RANS)
simulations. The global results of the lifting line method agreed well with the more accurate
RANS simulations, however, because the wing cross section was a conventional airfoil,
the use of this validation for LEI wings with characteristic flow separation and reattachment
on the pressure side is limited. In [15], a vortex lattice method (VLM) with additional
corrections to account for suction side flow separation and wing thickness was presented.
The computed lift coefficient was in agreement with RANS simulations, whereas the drag
coefficient showed some deviations at higher angles of attack and sideslip angles. Also this
study used a conventional airfoil to describe the wing cross section.

In [16], the aerodynamics of LEI wings with characteristic tube-canopy airfoil was
investigated by two-dimensional RANS simulations of spanwise wing sections. The shape
of the airfoils was parametrised by airfoil camber, airfoil thickness and angle of attack.
The computed load distribution was used to analyse the aero-elastic response of different
LEI wings, represented by multi-body models. Three-dimensional flow effects were how-
ever not taken into account. In [17], the flow around a complete LEI wing was computed
with a multiple-wake VLM with the aim to also include three-dimensional flow effects with
a limited computational effort. However, the method failed to capture the reattachment of
the flow that separates from the leading edge tube on the pressure side. In [18], the flow
around a LEI airfoil was investigated using a steady-state k − ω SST RANS framework for
the Reynolds number range 105 ≤ Re ≤ 5 × 107. A γ − R̃eθt transition model was included
such that the simulation results could be compared with wind tunnel measurements of a
scaled wing model made of polished metal. In [19,20], this two-dimensional simulation
set-up was extended to investigate the aerodynamics of a complete LEI wing, the TU Delft
V3A kite, but without modelling the strut tubes. Similarly to the two-dimensional analysis,
it was found that the laminar-turbulent transition model is needed to predict stall accurately
for the perfectly smooth geometry up to at least Re = 3 × 106. The work highlighted the
presence of a laminar separation bubble at low Re and a non-monotonic variation of the
maximum lift coefficient with Re. Experimental results for the aerodynamics of this specific
wing were provided in [5,7,21,22].
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The present study builds on the work of [19,20] with the focus on two effects that
were not considered before. Firstly, the influence of the chordwise struts on the local flow
development and aerodynamic performance will be assessed by adding these geomet-
rical features to the wing. Secondly, the influence of a non-zero sideslip angle will be
investigated. The manuscript is organised as follows. The methodology is presented in
Section 2, describing the local adjustment of the design geometry to make it suitable for
CFD analysis, the generation of the surface and volume meshes and the setup of the CFD
simulations. Results are discussed in Section 3. First, flows without side-slip are considered
and the results with struts are compared to those without struts. Second, the influence
of the side-slip angle is analysed for one specific value of Reynolds number and angle of
attack. Finally, the conclusions are presented in Section 4.

2. Methodology

The description of the methodology is divided into three parts: the required local
adjustments of the design geometry, the meshing of the wing surface and the surrounding
flow volume, and the setup of the CFD simulations.

2.1. Geometric Model of the Wing

The investigated LEI wing is illustrated in Figure 1. It consists of a thin membrane
canopy (white) supported by an inflatable leading edge tube and eight inflatable strut
tubes (black).

(a)

Z

X

X

Y

U∞

α

β
U∞

(b)

Figure 1. TU Delft V3A kite with 25 m2 wing surface area: (a) during flight and (b) design geometry
with body-fixed reference frame (X, Y, Z) and definition of the side-slip angle β and angle of attack α

to describe the direction of the undisturbed inflow velocity U∞ relative to the wing.
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The aerodynamic load distribution generated by the flying wing is collected by fans of
bridle lines that attach to the leading edge and strut tubes. The bridle lines are not taken
into account in this study. More information about the specific kite and its use for energy
harvesting is provided in [5].

As discussed in the previous section, the aerodynamics of this specific wing was
already analysed numerically in previous studies. However, struts were so far omitted,
to simplify the mesh generation and reduce the computational effort. In this work, the eight
strut tubes of the original design geometry used in [19,20] are taken into account. A number
of modifications are required to prepare the mesh generation process. Firstly, the original
struts made of polyline cross sections are re-created using circular cross sections. Secondly,
the regions where the tubes attach to the canopy are smoothed by fillets, as shown in
Figure 2. Thirdly, the open strut tubes of the original geometry are closed to provide a
water-tight closed surface geometry of the wing, as shown in Figure 3.

Figure 2. Smoothing the attachment of strut tubes and canopy: wing geometry before (left) and after
(right) the filleting. In the original CAD geometry the strut tubes are attached to the leading edge
tube. Because the connection of the leading edge tube with the canopy is also smoothed by a fillet [20]
, the strut tubes connect to this fillet surface and not anymore to the original leading edge tube.

Figure 3. Closure of the open tube geometry: original CAD model on the left and closed geometry
on the right.

Because the objective of this study is a non-dimensional flow analysis, the wing is
scaled such that the chord length in the symmetry plane is equal to one. Results are
accordingly presented in terms of non-dimensional variables.

2.2. Meshing of the Wing Geometry

The mesh is generated with the commercial software PointWise. First, the entire wing
surface is subdivided into regions to facilitate the generation of a structured surface mesh,
except for the tip region, where unstructured meshing is used. The regions of unstructured
mesh are delimited by the red lines in Figure 4.
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Figure 4. Surface mesh of the wing, adapted from [23]: (a) upper surface, (b) lower surface.

For simulations without side-slip component of the inflow, only half of the wing is
considered as the steady-state flow is expected to be symmetric. This was confirmed by
an exemplary flow simulation for the full wing. For flow cases without side-slip, the wing
is placed in a domain whose far field boundary is a hemisphere with a radius of 84 chord
lengths from the wing. For flow cases with side-slip, the domain is a complete sphere.
In both cases, the volume mesh is generated with the T-Rex algorithm of PointWise, which
first extrudes the wing surface mesh with hexahedral cell fronts . The extrusion is stopped
when one of the following criteria is met: cell isotropy is reached, cell fronts collide, quality
of cells is below threshold, or the maximum number of hexahedral cell layers is reached.
The latter is an input parameter which is set to 100 in this work. The minimum number
of extruded layers is set to 5. Additionally, the growth rate of the extruded layers equals
1.15. When the hexahedral cell layers stop, the mesh algorithm generates tetrahedral cells
in the rest of the domain . In this study, the boundary layer mesh at the wing surface uses
a non-dimensional height y+ � 1 of the first cell. Good mesh qualities were obtained
without hard constraints on the level of skewness of the mesh cells. The maximum cell
angle was set to 170◦. A slice through the volume mesh in the symmetry plane is shown in
Figure 5.

Figure 5. Volume mesh in the symmetry plane (Z = 0), taken from [23].

A mesh convergence study was performed on five different meshes with cell counts
on the wing surface ranging from 10.9 × 106 down to 5.67 × 106. Coarser meshes of
good quality were difficult to generate. The computed lift and drag coefficients of the
wing were nearly constant across these mesh resolutions. For example, for a Reynolds
number of 3 × 106, an angle of attack α = 12◦ and a side-slip angle β = 0◦, the lift and
drag coefficients varied by less than 1% and 2.9%, respectively. The Reynolds number is
defined here as Re = U∞c/ν, and the lift and drag coefficients as CL = 2L/(ρU2

∞ Are f ) and
CD = 2D/(ρU2

∞ Are f ), respectively, where U∞ is the undisturbed flow velocity, c the chord
length in the symmetry plane, ν the kinematic viscosity, L the lift force, D the drag force, ρ
the fluid density, and Are f the projected area of the design geometry of the wing onto the
XZ-plane illustrated in Figure 1 (bottom left). Taking into account the findings of the mesh
convergence study, the mesh used for the simulations without side-slip (hemispherical flow
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domain) had a total cell count of 8.1 × 106 on the wing surface and 16.3 × 106 in the whole
computational volume .

2.3. Fluid Dynamic Solver

The CFD simulations are performed with the open-source solver OpenFOAM v2006.
The model uses a finite-volume discretisation of the incompressible steady-state RANS
equations for a Newtonian fluid. Here, these equations are solved using a k − ω SST
turbulence model [24] including also a γ − R̃eθt transition model [25]. The model setup
and parameters are identical to those considered in [20] and are therefore not repeated
here. With these choices of settings and numerical schemes, all the simulations were stable
and converged for the whole range of Reynolds number, angle of attack and sideslip angle
considered here. The models have also been thoroughly validated in [18].

Two sets of simulations are performed for a range of Reynolds numbers between
Re = 105 and Re = 15 × 106. In a first set, the side-slip angle β is kept constant at zero
and the angle of attack is varied in the range −5◦ ≤ α ≤ 24◦. In a second set, the angle
of attack is fixed at α = 12◦ and three values of the side-slip angle, β = 4◦, 8◦, 12◦, are
chosen. The steady-state solver is run for 4000 iterations in the absence of side-slip and
6000 iterations with side-slip, respectively. This was found to be sufficient for all the
residuals to fall well below a value of 105. The results are shown in the next section.

3. Results

First, the simulation results without side-slip (β = 0◦) are discussed and the influence
of the strut tubes on the aerodynamic performance of the wing is analysed. Second,
the impact of non-zero side-slip angles is assessed for the wing, with and without strut
tubes. The results are presented in terms of non-dimensional variables.

3.1. Aerodynamics without Side-Slip

The flow configuration without side-slip is representative for the kite flying on straight
path segments, during figure-of-eight manoeuvres when reeling out, or during reel-in of
the tether [5]. In Figure 6, the computed flow field is visualised by a rake of streamlines
and a contour plot of the aerodynamic pressure distribution on the wing.

(a) Front view (b) Rear view

Figure 6. Contour plot of the pressure coefficient Cp on the wing surface and streamlines around the
tip regions coloured by the transverse velocity component Uz for Re = 3 × 106, α = 12◦ and β = 0◦,
taken from [23].

Since only half of the flow field is computed, the other half is mirrored along the
symmetry plane (Z = 0) for visualisation purposes. The streamlines are coloured by the
transverse component of the flow velocity U, and indicate the typical three-dimensional
flow features expected for a finite wing: the pressure difference between pressure and
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suction sides induces a crossflow component away from the wing centre, for the pressure
side, and towards the centre, for the suction side. Associated with this is the shedding of
vorticity from the trailing edge and the wing tip vortex, which is visualised by a single
streamline emanating from the wing tip. The contour plot of the pressure coefficient
indicates that the leading edge at the wing centre experiences the highest loading.

Figure 7 illustrates the effect of flow separation from the suction side of the airfoil,
when approaching the stall condition at higher angle of attack.

(a) α = 16◦ (b) α = 18◦

Figure 7. Contour plots of streamwise skin friction coefficient C f ,x on the surface and total pressure
coefficient Cp,T in the symmetry plane (Z = 0) for Re = 3 × 106 and β = 0, taken from [23].

In both diagrams, the wing surface is coloured by the streamwise component of the
skin friction coefficient

C f ,x =
2ν

U2
∞

∂Ux

∂y

∣∣∣∣
y=0

, (1)

where y denotes the coordinate locally normal to the wing surface. The symmetry plane is
coloured by the total pressure coefficient Cp,T . The flow separates first from the surface
regions with highest aerodynamic load, which is the centre of the wing. For the depicted
flow case, this happens between α = 16◦ and α = 18◦, and is indicated in Figure 7b by the
surface region of low streamwise skin friction and the flow region in the symmetry plane
with substantial loss of total pressure.

Figure 8 details the flow around the wing for two different Reynolds numbers.
The most obvious difference to conventional wings is the extended recirculation zone
on the pressure side of the LEI wing, behind the leading edge tube, and characterised by
relatively low flow velocities.

The length of the recirculation zone decreases with increasing Reynolds number.
For the lower Reynolds number (Re = 105) a small laminar separation bubble can be
recognised on the suction side of the wing. This bubble is absent for the larger Reynolds
number (Re = 3 × 106), and has a significant effect on the aerodynamic properties of this
wing, as will be discussed below. It should be noted, that a real LEI wing is made of
textile material with stitched seams along the tube. Because surface features such as these
will force transition from laminar to turbulent flow, the present results at low Reynolds
number are of limited practical relevance, and mostly for the purpose of comparison with
experimental studies based on perfectly smooth wind tunnel models.

Figure 9 shows the streamwise component of the friction coefficient on the pressure
side of the wing, for geometries with and without strut tubes.
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(a)

(b)

Figure 8. Streamlines and magnitude of the velocity field in the wing symmetry plane (Z = 0) for
α = 6◦, taken from [23]: (a) Re = 105 and (b) Re = 3 × 106.

(a) Geometry with struts (b) Geometry without struts

Figure 9. Contour plot of the streamwise component of the friction coefficient on the pressure side of
the wing, for Re = 3 × 106 and α = 12◦, taken from [23].

One can clearly recognise the size of the extended recirculation region from the nega-
tive value of C f ,x (coloured in light blue). Although some local differences can be recognised
around the struts, the overall behaviour of the friction coefficient is similar for both cases.
This confirms the negligible influence of the struts on the aerodynamic characteristics of
the wing.

The effect of the strut tubes on the local flow is further illustrated in Figure 10 by
contour plots of the λ2-criterion. This criterion can be used to identify vortex cores in
three-dimensional space [26].

At α = 12◦, the flow over the suction side is still attached and vorticity is thus
limited to only a thin boundary layer. The increased λ2-values on the pressure side at
x/c = 0.3 clearly indicate the presence of the recirculation zone. At x/c = 0.6, the flow
is again reattached (see also Figure 9) and the λ2-values accordingly low, except for the
direct vicinity of the strut tubes and the tip region, from where the characteristic wing tip
vortex originates.
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Figure 11 shows the computed lift (a) and drag (b) coefficients as functions of the angle
of attack, for different Reynolds numbers, Figure 12 the resulting lift-over-drag ratio.

(a) x/c = 0.3 (b) x/c = 0.6

Figure 10. λ2-criterion for Re = 3 × 106 and α = 12◦ in slices perpendicular to the incoming flow,
taken from [23].

−4 −2 0 2 4 6 8 10 12 14 16 18 20 22
α [ ∘ ]

−0∘2

0∘0

0∘2

0∘4

0∘6

0∘8

1∘0

1∘2

1∘4

CL

With struts
Without struts

Re = 105

Re = 106

Re = 3 ⋅106

Re = 15 ⋅106

(a)

−4 −2 0 2 4 6 8 10 12 14 16 18 20 22
α [ ∘ ]

0∘00

0∘04

0∘08

0∘12

0∘16

0∘20

0∘24

0∘28

0∘32

0∘36

0∘40

CD

With struts
Without struts

Re = 105

Re = 106

Re = 3 ⋅106

Re = 15 ⋅106

(b)

Figure 11. Aerodynamic force coefficients as functions of the angle of attack, without side-slip: (a) lift
coefficient CL and (b) drag coefficient CD.
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Continuous lines correspond to the wing with struts, whilst dashed lines are for the
wing without struts.

−4 −2 0 2 4 6 8 10 12 14 16 18 20 22
α [ ∘ ]

−2

0

2

4

6

8

10

12

L∘D

With struts
Without struts

Re = 105

Re = 106

Re = 3 ⋅106

Re = 15 ⋅106

Figure 12. Lift-over-drag ratio as a function of the angle of attack without side-slip.

The lines are coloured according to the value of the Reynolds number. One can recog-
nise that the effect of the struts on the aerodynamic performance of the wing is minimal,
whereas the Reynolds number has a significant influence. First, the maximum value of
the lift coefficient increases with the Reynolds number until Re = 106, beyond which it
decreases when Re increases. This is also observed for the wing without struts and is in line
with the computational results of previous studies [18,20]. Second, at the lowest Reynolds
number considered (Re = 105), the lift and drag coefficients for α > 6◦ significantly differ
from the ones at larger Re. In particular, beyond this angle of attack, the lift coefficient
continues to increase with the angle of attack but with a reduced slope, and the drag
coefficient is also larger, leading to a lower lift-to-drag ratio. Overall, the lift-to-drag ratio
tends to decrease with decreasing Reynolds number.

For larger values of Re, CL increases with the angle of attack until stall, which occurs
between 16◦ and 18◦, depending on the Reynolds number (see also Figure 7). It is important
to note that the use of steady-state RANS simulation limits the accuracy of the results
beyond flow separation. Therefore, results for α > 6◦ at Re = 105 and α & 16◦ for larger
Re should be taken with caution. For these flow conditions, it is recommended to rely
on higher-fidelity turbulence models implemented with unsteady solvers, e.g., unsteady
RANS (URANS) or large eddy simulation (LES). The change in slope in CL and CD for
Re = 105 can be explained by the presence of a small laminar separation bubble on the
suction side of the wing, as visualised in Figure 8a. For α > 6◦, this bubble dissolves,
leading to a decrease in CL and an increase in CD. Figure 8b shows that this bubble is
absent at larger Re. The presence of a laminar separation bubble at low Re can also be seen
in the pressure coefficient CP and the streamwise component of the friction coefficient C f ,x
The chordwise distributions of CP and C f ,x are shown in Figures 13 and 14, respectively,
for Re = 105 and α = 6◦. The negative value of C f ,x for 0.13 < x/c < 0.32 is associated
with the presence of the laminar separation bubble on the suction side of the wing. This
also corresponds to a secondary peak in CP and is in line with the observations made in the
literature for this type of airfoil and wing [18,20].
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
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−1.00

−1.25

−1.50

−1.75
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Figure 13. Chordwise CP distribution at the symmetry plane for Re = 105 and α = 6◦.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
x/c

−0.01

0.00

0.01

0.02

0.03

Cf, x

Suction side

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
x/c

−0.01

0.00

0.01

0.02

0.03

Cf, x

Pressure side

Figure 14. Chordwise C f ,x distribution at the symmetry plane for Re = 105 and α = 6◦.

Overall, it can be concluded that although the chordwise struts influence the local
flow, they have a negligible impact on the wing loading.

3.2. Aerodynamics with Side-Slip

The flow configuration with side slip is characteristic for the kite flying turns during
figure-of-eight manoeuvres [5]. In this section, the angle of attack is fixed at α = 12◦ to
investigate the influence of the side-slip angle β on the flow field and the aerodynamic
performance of the wing. The side-slip angle ranges from 0◦ to 12◦ in intervals of 4◦.
This range has been chosen based on the experimental data of [5]. In contrast to the
simulations for symmetrical inflow (β = 0◦), the complete flow domain is used to capture
the asymmetry of the flow field. Figure 15 illustrates the differences in pressure coefficient
and spanwise component of the flow velocity for Re = 3× 106, without and with maximum
side-slip. The additional streamlines visualise the interaction of the flow around the tips
and the propagation downstream in the wake.
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(a) β = 0◦ (b) β = 12◦

Figure 15. Pressure coefficient CP (colouring of wing surface) and transverse component Uz of the
flow velocity (colouring of an YZ-plane in the wake flow) for Re = 3 × 106 and α = 12◦, taken
from [23].

The contour plot of Uz in the wake flow indicates a strong change in inwash and
outwash behaviour. For β = 0◦ the upper portions of the wake tend the turn inwards,
whereas the lower portions of the wake move outwards with respect to the centre of the
wing. For β = 12◦, the regions were positive Uz was seen for β = 0◦ have become stronger,
whereas the negative Uz regions have become more positive.

In Figure 16, the influence of the side-slip flow on the lift-to-drag ratio of the wing
is analysed.

Figure 16. Lift-over-drag ratio as a function of the side-slip angle for α = 12◦.

The continuous lines show the results for the wing with struts at different Re and
the dashed line highlights the results for the wing without struts at Re = 3 × 106. It is
apparent that the side-slip flow significantly decreases the lift-to-drag ratio of the wing
for all the Reynolds numbers considered, with the largest decrease being observed for the
smallest values of Re. For maximum side-slip angle (β = 12◦) the lift-to-drag ratio at higher
Reynolds numbers and α = 12◦ decreases by almost 50% compared to symmetric inflow.
Because the lift decreases stronger than the drag increases with increasing side-slip angle,
the behaviour of L/D is non-linear. Another observation is that, as for the results without
side-slip, the struts do not impact on the results with side-slip flow.

Figure 17 shows the side force coefficient CS = 2S/(ρU2
∞ Are f ), with S denoting the

resultant side force, as a function of the side-slip angle.
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Figure 17. Side force coefficient as a function of the side-slip angle for α = 12◦, taken from [23].

The relationship seems to be linear.
Inflow with a side-slip component is generally correlated with steering of the kite [5].

While the asymmetric steering input leads to a roll of the entire wing, it also results in a
spanwise twist deformation, as evident from photographic footage. The degree of this aero-
elastic phenomenon strongly depends on the design of the wing and its bridle line system.
For this reason, the original design geometry can only be used as a rough approximation
for inflow with a side-slip component. The effect of an asymmetric actuation of the bridle
lines on the aero-elastic deformation of the wing is subject to current research [27].

4. Conclusions

The computational study investigated the effect of chordwise strut tubes and inflow
with a side-slip component on the flow around a leading-edge inflatable wing for airborne
wind energy applications. The shape of the wing was considered to be constant and its
surface perfectly smooth. Accordingly, the effect of aero-elastic deformation was neglected
and a steady-state RANS flow solver with transition model was used. The results show
that the struts have little influence on the overall aerodynamic performance of the wing,
independent of the degree of side-slip. Therefore, for analysing performance in the flow
regime investigated here, these geometrical characteristics of the wing can be omitted with-
out a noticable loss of accuracy. This decrease in complexity is favourable for the meshing
process. It also reduces the computational cost of the simulations, as flow separation around
the struts does not need to be captured accurately when assessing the overall aerodynamic
performance of the wing. The chordwise struts do have some influence on the local flow
around the wing, for example through the increased vortex shedding around the struts.
This could have some influence on small-scale local wing deformations (not investigated
here), although this is not expected to be significant as these flow differences are localised
around the struts which is where the structural stiffness is maximum. The study also shows
that an increasing side-slip angle is detrimental to the aerodynamic performance of the
wing, with the lift-over-drag ratio decreasing by a factor of about 1.7 from zero side-slip
to a side-slip angle of 12◦, which is typical during turning manoeuvres. It is therefore
very important to consider these flow configurations when designing such wings. Finally,
the present findings related to the dependency of the aerodynamic performance on the
Reynolds number and the presence of a laminar separation bubble at Re = 105 are in line
with previously published results, which is to be expected as the numerical models used in
these aforementioned studies are identical to the ones used in this paper.

This work provides a computational framework that can be used to better understand
the flow behaviour and aerodynamic performance of leading-edge inflatable wings. It
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can also help identify the range of applicability of engineering design tools for airborne
wind energy wings. Future work could incorporate aero-elastic effects by coupling the
steady-state solver with a structural model of the wing, hence modelling wing deformations
that are occurring during real flight. It is also recommended using an unsteady flow solver
at large angles of attack to compare with the present results under large flow separation.
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