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Summary
We present a computational fluid dynamic analysis of boundary layer transition on leading edge

inflatable kite airfoils used for airborne wind energy generation. Because of the operation in

pumping cycles, the airfoil is generally subject to a wide range of Reynolds numbers. The analy-

sis is based on the combination of the shear stress transport turbulence model with the γ – R̃eθt
transition model, which can handle the laminar boundary layer and its transition to turbulence.

The implementation of both models in OpenFOAM is described. We show a validation of the

method for a sailwing (i.e. a wing with a membrane) airfoil and an application to a leading edge

inflatable kite airfoil. For the sailwing airfoil, the results computed with transition model agree

well with the existing low Reynolds number experiment over the whole range of angles of attack.

For the leading edge inflatable kite airfoil, the transition modeling has both favorable and unfa-

vorable effects on the aerodynamics. On the one hand, the aerodynamics suffer from the laminar

separation. But, on the other hand, the laminar boundary layer thickens slower than the turbulent

counterpart, which, in combination with transition, delays the separation. The results also indi-

cate that the aerodynamics of the kite airfoil could be improved by delaying the boundary layer

transition during the traction phase and tripping the transition in the retraction phase.
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1 INTRODUCTION

Airborne wind energy (AWE) is a novel renewable energy technology which uses tethered flying devices to harness wind energy at minimal cost
of materials. The devices operate at higher altitudes than conventional wind turbines where the wind is generally stronger and steadier. 1,2 Conse-
quently, the availability of power and the capacity factor are expected to increase significantly compared to the conventional wind turbines. Also,
the cost of the system is expected to decrease dramatically since less materials are used due to the absence of the massive support structure (tower
and long blades) of the wind turbine. 3,4 However, the technology comes also with many challenges. One of these is related to the large traction
forces in the tether connecting the flying device to the ground. This adds overall complexity and requires a sophisticated controller to keep the
flying device airborne. The tether also adds significant drag to the system. In fact, this drag contribution may be dominant compared to the drag
of the wing, depending on the tether length and the size of the system. 5 This is a major difference when designing an AWE device compared to
a conventional aircraft. The conventional gliding (lift-to-drag) ratio of the wing alone is not a good measure for the efficiency of the kite. A high
lift is more desirable than a low drag and therefore high-lift devices are used as wing design. Thus, in the context of the AWE, an accurate aero-
dynamic model is crucial to design feasible systems that are both aerodynamically efficient and of high steering capability. For further background
information about the AWE technology, the reader is referred to literature. 6,7,8,9
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Most of the current AWE systems use tethered wings to harness the energy. These kites fly fast crosswind motion which increases the apparent
wind velocity and therefore the aerodynamic efficiency. In this paper, the focus is on traction power kites which translate the aerodynamic forces
from the wind to traction forces in the tether. As illustrated in Figure 1 (left), the kite is operated in pumping cycles, each distinguishing two phases,
during which the tether is reeled out and reeled in. During the traction phase, the kite is flown in fast crosswind maneuvers and the generated high
traction force is used to pull the tether from a drum, which drives a ground-based generator. The retraction phase begins when a certain tether
length or altitude is reached. By decreasing the angle of attack of the wing, the tension force in the line is minimized and the drum-generator unit is
used to pull the kite towards the ground, using a relatively small amount of the energy generated in the traction phase. Thus, the kite experiences
a wide range of different conditions during the cyclic operation. During the traction phase, the apparent wind velocity and the Reynolds number
are high and the angle of attack is close to the critical stall angle. During the retraction phase, the kite is not flying crosswind motion, the Reynolds
number and the angle of attack are rather low to minimize the lift force. 10,11

This paper focuses on leading edge inflatable (LEI) kites. As depicted in Figure 1, this type of kite consist of a fabric membrane, a tubular inflatable
structure and a bridle line system. The aerodynamic load acting on the canopy is collected by the tubular frame and transferred to the bridle line
system. The structure is very lightweight and flexible and therefore its shape is changingwith the varying loading. Thus, the distributed aerodynamic
load and the structural deformation are strongly coupled and define a fluid-structure interaction (FSI) problem. The kite has a low aspect ratio
and a high anhedral angle which results in significant three-dimensional flows such as spanwise crossflow and wingtip vortices. Former studies
on LEI kite aerodynamics include numerical models by Breukels 12 and Bosch 13 which are based on two-dimensional section data computed with
CFD. Such types of models are fast but they have not been properly validated and they do not incorporate the essential three-dimensional flow
components. Wind tunnel experiments, on the other hand, are challenging because a large inflatable membrane structure can not be scaled down
adequately, to fit into the tunnel test section. Consequently, experimental studies have generally aimed at in situ aerodynamic characterization
during field tests, measuring global properties such as line tension, apparent wind velocity and angle of attack. 14,15

In this work, the focus is on two-dimensional kite airfoil aerodynamics. As illustrated in Figure 2 (top), the airfoil of the LEI kite consists of a
tube and a curved thin canopy. Commonly, these airfoils with circular leading edge and membranes are called sailwings. The sailwing airfoils have
been widely studied historically in the context of sailing. More recently, they have also been used as a lightweight and cheap wing design in several
applications such as airplanes, 16 hang gliders 17 andwind turbine blades. 18 In those applications the sail is attached to a framemade of stiffmaterial,
such as carbon fiber or aluminum, and the joint on the suction side between the circular leading edge and the membrane is smooth. These single
membrane sailwing sections have been investigated experimentally by several authors towards the end of the 1970s and in the beginning of the
1980s. 19,20,21 However, the studies are mostly quantitative and use rather low Reynolds numbers. Defining the Reynolds number with the chord
length c of the airfoil, the range of variation is typically between Re = 105 and 7.5 × 105 which is only representative of the retraction phase of
AWE systems. During the traction phase, the Reynolds numbers encountered by the kite are in the order of from 106 to 108. There is thus a need
to extend the range of the Reynolds numbers to values of relevance to the traction phase.

The flow topology around the airfoil and the corresponding pressure coefficient cp are shown in Figure 2. The flow on the suction side is similar
to a conventional airfoil but on the pressure side a recirculation zone is formed behind the leading edge tube. The size of the zone depends on
the angle of attack and the Reynolds number. Furthermore, it is yet unclear what the impact of boundary layer transition is on the aerodynamic
performance. Given the range of the Reynolds numbers of interest for AWE and the specific topology of the LEI kite airfoil, the flow separation
on the suction side may occur already from a laminar boundary layer, which may lead to a leading edge stall at rather low angles of attack. It has
been shown in the literature that, at low angles of attack, the lift force may change dramatically depending on whether the separation occurs
from a laminar or a turbulent boundary layer. 22 Furthermore, it is well known that a cylinder encounters a drag crisis in which the drag coefficient
decreases suddenly when the Reynolds number increases. Since the LEI kite airfoil has a circular leading edge, the boundary layer transition may
have a significant effect on the size of the recirculation zone behind the circular leading edge. The chord-length-to-leading-edge-diameter ratio
defines the ratio of the two Reynolds numbers with different characteristic lengths. In the present work, the ratio is approximately 10 for the LEI
kite airfoil and therefore the diameter Reynolds numbers are one magnitude lower than the chord Reynolds numbers. The drag crisis occurs for
a cylinder at around ReD = 3 × 105 and therefore for the present airfoil the drag crisis is expected in the range of Re = 3 × 106 which is in the
lower end of the traction phase and in the higher end of the retraction phase. The boundary layer transition is usually neglected in conventional
turbulencemodels used in computational fluid dynamics (CFD). Only recently, generic transitionmodels have been developedwithin the framework
of Reynolds averaged Navier–Stokes (RANS) on arbitrary unstructured meshes. 23,24

A flexible airfoil with a membrane adapts itself with the flow. Boer 21 shows that the maximum camber of the sailwing airfoil moves towards
the leading edge when the angle of attack is increased which both extends the practical angles of attacks and improves the maximum gliding ratio
in comparison to similar rigid airfoil. Also, the maximum gliding ratio occurs with high lift coefficient which is beneficial for the AWE systems with
the additional tether drag. 19 The disadvantages of the flexible airfoil are the increased complexity of the model due to the FSI coupling and the
elongation and the durability of the membranes.
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In this work, the SST turbulence model 25 is used with and without the γ – R̃eθt transition model 23 to find out the significance of the transition
modeling. The simulations are carried out for a full range of Reynolds numbers, in order to identify the important flow effects that impact on
the aerodynamics of the LEI kite airfoil. For simplicity, the airfoil is assumed to be rigid. The paper is organized as follows. Section 2 introduces
the CFD solver and focuses especially to the turbulence and transition models. In Section 3 we address the largest numerical uncertainty in CFD
simulations which is caused by the mesh, then we carry out a validation assessment by comparing the numerical results with experimental results.
Subsequently, we present the main results from the simulations around the LEI kite airfoil. Finally, we conclude the paper in Section 4.

2 COMPUTATIONAL MODELING

The simulations are based on the OpenFOAM v1706 toolbox developed by ESI. 26 OpenFOAM is an open-source CFD library written in C++
and has a high-level programming interface to solve partial differential equations. The Navier-Stokes equations are discretized on a polyhedral
mesh using a cell-centered finite volume method. Several solvers and turbulence models are prepackaged in the default distribution. Because we
consider a lowMach number flow, the fluid is assumed incompressible and the simulations are accordingly performed with the incompressible and
steady-state solver simpleFoam.

2.1 Turbulence model
One of the main uncertainties in CFD and aerodynamics is the turbulence model, which is practically required for flows at high Reynolds number.
The most common approach are the Reynolds-averaged Navier-Stokes (RANS) equations, in which the transport equations are solved only for the
mean flow field and the turbulent fluctuations are represented by model terms. The RANS equations for the steady-state incompressible fluid are
given by

∂Ui

∂xi
= 0, (1)

Uj
∂Ui

∂xj
= –1

ρ

∂P
∂xi

+ ν ∂
2Ui

∂x2j
x –

∂u′i u′j
∂xj

, (2)

where Ui and P are the mean velocity and pressure, respectively, and u′i u′j is the Reynolds stress term which represents the effect of the turbulent
velocity fluctuations and which has to be modeled. Many RANS turbulence models have been developed for different applications but none of
them works universally for all types of flows. Thus, it is crucial to critically assess the suitability of a specific model for each application case.

The most widely used RANS-based turbulence models employ two transport equations for turbulence properties, generally one for the turbu-
lence kinetic energy k and another one for the turbulence length or time scale. Popular for engineering applications is the shear stress transport
(SST) model by Menter, 25 which combines the k – ε model by Jones and Launder 27 and the k – ω model by Wilcox 28 to get the best of both
modeling concepts. OpenFOAM v1706 uses a revised version of the SST model 29 with the turbulence specific dissipation rate production term
formulated by Menter and Esch. 30 The term is limited similarly as in the transport equation for the turbulence kinetic energy described by on the
NASA webpages. 31 The transport equation for the turbulence kinetic energy is given by
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where P̃k is the limited production term
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The transport equation for the specific turbulence dissipation rate ω is given by
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where F1 is the blending function which switches between the two elementary turbulence models

F1 = tanh
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The blending function F1 depends on the distance y from the surface. Far from the surface, F1 is zero and the k – ε model is used. Inside the
boundary layer, F1 is close to unity and the k – ω model is used. The constants are also interpolated as follows

φ = F1φ1 + (1 – F1)φ2 (9)

and they are given by
α1 = 5/9, β1 = 3/40, γ1 = 5/9, σk1 = 0.85, σω1 = 0.5,

α2 = 0.44, β2 = 0.0828, γ2 = 0.44, σk2 = 1, σω2 = 0.856,
(10)

and β∗ = 0.09. The turbulence eddy viscosity is computed from

νt =
a1k

max(a1ω, SF2)
, (11)

where S is the magnitude of the strain rate tensor, a1 = 0.31 and F2 is the blending function

F2 = tanh

[max
(

2
√
k

β∗ωy
, 500ν
y2ω

)]2 . (12)

Common turbulence models such as SST can not describe transition from laminar to turbulent flow and consequently assume that boundary
layers are always turbulent. A similar effect can be achieved experimentally by tripping the boundary layer from the very beginning which leads to
a nearly immediate transition to the turbulent boundary layer. Also, in some aerodynamic flows the transition may be neglected when the Reynolds
number is very high and the transition occurs almost immediately when the flow approaches the surface. However, the laminar boundary layer
and the transition may have a significant effect when the Reynolds number is not very high.

2.2 Transition model
Boundary layer transition is a challenging topic which has been extensively studied. Three primary modes of laminar-turbulent transition are
considered 32

1. Natural transition: Perturbations from the exterior flow, such as turbulence propagate into the boundary layer. The perturbations grow and
through Tollmien-Schlichting waves and turbulent spots, eventually the boundary layer becomes turbulent. In external aerodynamic flows
around smooth surfaces this is the usual mode of transition.

2. Bypass transition: Either the freestream disturbances are high (turbulence intensity) and propagate directly into the boundary layer or the
surface is rough. Consequently, the turbulence is directly transported to the boundary layer which triggers transition. For example, the
deforming membrane or the woven material of the kite may induce disturbances which trigger transition.

3. Separation induced transition: A laminar boundary layer cannot withstand much adverse pressure gradient and therefore it separates rather
easily. Flow separation induces disturbances and transitions quickly. The turbulence enhances mixing and therefore the formed shear layer
may reattach again. The size of these separation bubbles varies heavily and long laminar separation bubbles may affect the flow significantly.
The laminar separation bubbles are observed around the airfoils with rather low Reynolds numbers.

For a more comprehensive review of the boundary layer transition, the reader is referred to literature. 33,34

The presence of different modes is one reason for the complexity of transition, especially within the RANS framework, because the transport
equations are only resolved for the mean flow field and do therefore not contain the intrinsic information of the disturbances. Moreover, common
transition models rely on integral boundary layer values to predict transition which are costly to compute on arbitrary unstructured meshes.
Transition also does not have a clear definition in three dimensions. Therefore, general purpose transition models for RANS simulations have not
been available until recently. Langtry and Menter 23 developed the γ – R̃eθt transition model on top of the SST turbulence model but it has also
been coupled with other turbulence models such as Spalart-Allmaras 35. The transition model does not try to capture the actual physics of the
transition but is based on empirical correlations. It has been successfully employed for several external aerodynamic problems such as flow around
airfoils and turbine blades 32 and cylinder. 36

Two additional transport equations are used to model transition. The transported quantities are intermittency γ and transition onset momentum
thickness Reynolds number R̃eθt. The intermittency controls the transition by scaling the production and destruction terms of the turbulence
kinetic energy k. The Reynolds number R̃eθt quantifies the effect of the freestream conditions to inside the boundary layer. The transport equation
for the intermittency is given by

∂γ

∂t
+ ∂Ujγ

∂xj
= Pγ – Eγ + ∂

∂xj

[(
ν + νt

σf

)
∂γ
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, (13)
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where Pγ and Eγ are the production and destruction source terms. The production term is defined as

Pγ = Flengthca1S
√
γFonset(1 – ce1γ), (14)

with
Fonset = max (Fonset2 – Fonset3, 0) , (15)

Fonset1 = Rev
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, (16)
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)
, (17)
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(
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( RT
2.5

)3
, 0
)
, (18)

Rev =
y2S
ν

, RT = k
νω

, (19)

where Flength is the empirical correlation that controls the transition length. The transition onset is controlled by Fonset, which is triggered when
the vorticity Reynolds number Rev sufficiently exceeds the critical momentum thickness Reynolds number Reθc, which is also represented by an
empirical correlation. Both correlations are functions of the transported Reynolds number R̃eθt and defined in Langtry and Menter. 23

The destruction term is defined by
Eγ = ca2ΩγFturb(ce2γ – 1), (20)

where Ω is the vorticity magnitude and Fturb is the function which disables the destruction term outside of laminar boundary layer or in the viscous
sublayer

Fturb = e–
(

RT
4

)4

. (21)

The intermittency is modified to take the separation induced transition into account by defining

γeff = max(γ, γsep), (22)

γsep = min
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2max
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( Rev
3.235Reθc

)
– 1
]
Freattach, 2

)
Fθt, (23)
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RT
20

)4

. (24)

The transport equation for the transition onset Reynolds number R̃eθt is given by

∂R̃eθt
∂t

+ ∂UjR̃eθt
∂xj

= Pθt +
∂

∂xj

[
σθt(ν + νt)
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]
, (25)

where Pθt is the source term, which forces the R̃eθt to match the local empirical correlation Reθt value outside the boundary layer. The source term
is given by

Pθt =
cθt
t
(Reθt – R̃eθt)(1.0 – Fθt), (26)

where t = 500ν/U2 is the time scale and U the velocity magnitude. The blending function Fθt turns on the source term outside the boundary layer,
which diffuses R̃eθt inside the boundary layer

Fθt = min
(
max

(
Fwakee(–

y
δ )4 , 1.0 –

(
γ – 1/ce2
1.0 – 1/ce2

)2
)
, 1.0

)
, (27)

Fwake = e–
(

Reω
105

)2

; Reω = ωy2

ν
, (28)

δ = 375ΩyνR̃eθt
U2 , (29)

where Fwake is the function, which turns off the blending function in the wake regions. The constants in the transport equations are defined as

ca1 = 2.0, ca2 = 0.06, ce1 = 1.0, ce2 = 50,

σf = 1.0, σθt = 2.0, cθt = 0.03.
(30)

The transition model is coupled with the SST turbulence model by scaling the turbulence kinetic energy production and destruction terms by
intermittency as

P̃k = γeffP̃k, (31)
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Dk = min(max(γeff, 0.1), 1.0)Dk, (32)

and the blending term as

F1 = max(F1, F3), F3 = e–
( Ry

120

)8

, Ry =
y
√
k

ν
. (33)

2.3 Boundary conditions
For the far field, a mixed boundary condition is applied depending on whether the flow enters or leaves the computational domain. For inflow,
uniform values are imposed for the velocity and the turbulence quantities, while the pressure gradient is set to zero. For outflow, a uniform pressure
is imposed, while the gradients of velocity and turbulence quantities are set to zero. At the airfoil surface, a no-slip boundary condition is applied.
The inlet values for the turbulence quantities are calculated from the turbulence intensity and the eddy viscosity ratio. Spalart and Rumsey 37

recommend using following formula for the eddy viscosity at the inlet boundary condition

νt/ν = 2× 10–7Re. (34)

The sensitivity of the results to the eddy viscosity ratio is assessed on the LEI kite airfoil at Re = 106 for α = 0◦ and α = 10◦. The eddy viscosity
ratio is varied from 0.1 to 10 and the results do not change significantly and therefore νt/ν = 10 is used in the following simulations.

The inlet boundary condition for γ is unity and the other turbulence quantities are estimated as

k = 3
2

(
U∞

Tu
100

)2
, (35)

with
ω = k

ν

(νt
ν

)–1
, (36)

and for R̃eθt with zero acceleration in streamwise direction 23

R̃eθt = 1173.51 – 589.428Tu + 0.2196
Tu2

, Tu ≤ 1.3,

R̃eθt = 331.5(Tu – 0.5658)–0.671, Tu > 1.3,
(37)

where Tu is the turbulence intensity in percentages.
OpenFOAM works only with three-dimensional meshes and therefore the mesh has a thickness of one cell in out-of-plane direction. An empty

boundary condition is applied on the extruded planes to disable the solution calculation in the third-dimension.

3 RESULTS

We consider two different airfoil geometries. In a first step, we assess the effect of mesh resolution on the results. Subsequently, we validate the
numerical model with a sailwing section for which experimental results are available. We conclude with a presentation of the numerical results for
the LEI kite airfoil.

3.1 Mesh generation and uncertainty assessment
The computational meshes are generated with the open-source framework Overture 38 and illustrated in Figure 3. First, a spline is generated from
the airfoil coordinates. The airfoil is slightly modified by filling in the sharp angle at the junction of the circular leading edge and the canopy. This is
required for the subsequent extrusion to prevent self-intersection. Employing an inverse hyperbolic tangent stretching algorithm the node points
are clustered closely to the leading and trailing edges of the airfoil. The spline curve is then extruded in the outwards direction using an hyperbolic
extrusion algorithm, keeping a constant geometric ratio. The mesh is extruded approximately 500 chord lengths and the hyperbolic extrusion tends
to form a circular shape for the outer boundary. The resulting mesh is saved in PLOT3D format which can be directly imported to the OpenFOAM
toolbox.

To assess the effect of the mesh resolution on the simulation results we conduct a sensitivity analysis using the γ – R̃eθt transition model. The
investigated parameters are the number of discretization points along and normal to the airfoil surface. The resolution is increased in each direction
consecutively by a factor of 1.5. The computed lift and drag coefficients for increasing resolution along the airfoil surface are given in Table 1 and
Figure 4 (left).

Three values for the angle of attack are investigated, namely α = 0◦, 10◦ and 15◦. The mesh-dependency of the results decreases for increasing
angle of attack. This is probably due to the large recirculation zone on the pressure side which leads to instabilities and therefore to higher mesh
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sensitivity. Nevertheless, the results are well converged for higher angles of attack (α = 10◦ and 15◦) and satisfactory if the airfoil is aligned with
the flow (α = 0◦). Thus, the mesh with 575 cells along the surface of the airfoil is adequate. In wall-normal direction, two different Reynolds
numbers are studied to ensure that the first cell size requirement y+ < 1 is met for high Reynolds numbers. The resulting lift and drag coefficients
are given in Table 2 and Figure 4 (right), indicating that 211 points in wall-normal direction are sufficient for convergence. Therefore, we choose
the 575× 211 mesh for the subsequent computational analysis of the LEI kite airfoil.

A similar sensitivity analysis is conducted for the sailwing airfoil to be used in the subsequent validation study. The analysis leads to a
computational mesh with 287 cells along the airfoil surface and 215 cells normal to the surface.

3.2 Validation study with sailwing
Experimental data for LEI kite airfoils is scarce. One of the few available datasets has been published by Bruining 20 for a sailwing section made of
steel consisting of a cylinder and an arc-shaped plate. The two physical wing elements are not materially joined but only touch each other, forming
a small dimple on the suction side of the airfoil. The experiments were carried out in the low speed and low turbulence (LLT) wind tunnel of Delft
University of Technology, which has a turbulence intensity of the order of 0.02%. The Reynolds number based on the chord length of the arc plate
is Re = 105 and the chord length to the leading edge diameter ratio is c/D = 15. Figure 5 shows the computed flow field for two different values
of the angle of attack. The dimple is clearly recognizable on the suction side where arc-shaped plate and the cylinder are joined.

The measured and computed aerodynamic coefficients are shown in Figure 6. We found that the simulations with transition model γ – R̃eθt are
closer to the experiment than the simulations without transition model. This is expected since the Reynolds number is rather low and the surface
of the wind tunnel model is smooth. Furthermore, the numerical results for low angle of attack show a negative lift coefficient when using the
transition model and a positive coefficient for fully turbulent boundary layer. This is consistent with the measurements of Bot et al 22 of the flow
around a two-dimensional curved-plate. In Figure 7 we compare these measurements with our sailwing airfoil simulations for zero angle of attack.
For Re < 200 000 the measured lift coefficient is negative because the flow separates early from the laminar boundary layer. For Re > 200 000,
the boundary layer transitions to turbulence while still fully attached to the airfoil. The intensified turbulent mixing has the well-known effect of
delaying the flow separation. As a result, the measured lift of the plate increases abruptly to a positive value at around Re = 200 000 while the
drag decreases. A similar effect can be observed in the numerical simulations of the sailwing airfoil. With transition model the laminar boundary
layer separates from the airfoil, while without transition model the boundary layer is always turbulent and therefore the separation is delayed.

From Figure 6 we can see that with increasing angle of attack, the measured aerodynamic coefficients change abruptly at around α = 6◦. A
similarly abrupt change can be identified for the computed coefficients of the sailwing airfoil at α = 8◦. For higher angles of attack, the boundary
layer encounters the adverse pressure gradient increasingly earlier with the effect that also transition is triggered earlier. 39 Because a turbulent
boundary layer can better sustain an adverse pressure gradient the effect on the aerodynamics is generally positive. Figure 5 shows the computed
pressure field and streamlines around the airfoil forα = 7◦ and 8◦, which is the angle of attack range in which the lift suddenly increases. The dimple
on the suction side of the airfoil, where the two wing elements are joined, is occupied by a small separation bubble. At α = 0◦, this bubble does
not disturb the main flow over the airfoil. With increasing angle of attack, the separation bubble enlarges but still reattaches without transition.
At α = 8◦, the transition also occurs within the separation bubble and therefore the lift coefficient sharply increases and the drag coefficient
decreases. This explains why the simulations with and without transition models lead to very similar results with angles of attack higher than 8◦.
Overall, the simulations with combination of turbulence and transition models agree well with the experiments, even at large angles of attack.

3.3 LEI kite airfoil
The validated simulation setup is used to analyze the LEI kite airfoil for a wide range of Reynolds numbers that are representative for the traction
and retraction phases of AWE systems. The airfoil represents the center section of the LEI kite with a chord-to-leading-edge-diameter ratio of
c/D = 10.8. The angle of attack is varied up to the critical value at which stall occurs. We do not consider configurations beyond this point because
the steady-state solver is not suitable for the inherently unsteady post-stall flow conditions. The Reynolds number is varied from Re = 105 to
5× 107. Results are presented for simulations with and without transition modeling.

The aerodynamic coefficients computed without transition modeling are illustrated in Figure 8. The general trends are in line with those for
conventional airfoils. With increasing Reynolds number, the lift coefficient increases and the drag decreases leading to an improved aerodynamic
performance. Also, the critical stall angle increases resulting in higher maximum lift coefficients. Figure 9 illustrates the streamlines and the normal-
ized velocity magnitude around the airfoil at Re = 106 for several values of the angle of attack. As the angle of attack increases, the recirculation
zone on the pressure side of the airfoil decreases in size, which increases lift and decreases drag.

Taking laminar-turbulent transition into account significantly affects the flow simulation. Figure 10 shows the aerodynamic coefficients computed
with transition model. At the lowest considered Reynolds number, Re = 105, the aerodynamic performance is worse than computed without
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transition model. The lower lift and higher drag are caused by a long laminar separation bubble on the suction side, as indicated by Figure 11.
Although the flow still reattaches, the airfoil stalls at much lower angles of attack, α = 6◦, because the flow separates relatively early from the
laminar boundary layer. Increasing the Reynolds number from Re = 105 to 2× 105 leads to an increase of the stall angle from 6◦ to 11◦ because
the boundary layer now transitions to turbulence before the flow separates, which therefore occurs with a delay. Increasing the Reynolds number
further, the stall angle increases consistently until reaching the maximum lift coefficient at Re = 5 × 106. Above this value, the stall angle first
decreases again and beyond Re = 2× 107, the stall angle and maximum lift coefficient begin to increase again.

The transition, separation and reattachment regions can be identified on the basis of the skin friction coefficient cf . We use the minimum and
maximum value of this coefficient to define the onset and end of the transition region. Figure 12 shows the skin friction and pressure coefficients
at α = 10◦ and various Reynolds numbers. At Re = 2×105, 5×105, 106 and 2×106 the negative value of cf on the suction side indicates a laminar
separation bubble. The bubble starts at a roughly constant value x/c = 0.08, however, the reattachment of the flow varies with the Reynolds
number. For Re = 105, 5× 105, 106 and 2× 106 we find x/c = 0.19, x/c = 0.15, x/c = 0.13 and x/c = 0.12, respectively.

At Re = 5× 106 and above, no laminar separation bubble is observed. Therefore, the flow at Re = 5× 106 leads to the highest lift coefficient in
the range of studied Reynolds numbers. It has the longest, fully attached laminar boundary layer which also remains thinner. Both features increase
the lift and decrease the drag. Also, the thin boundary layer can better sustain an adverse pressure gradient and, therefore, the highest stall angle
and maximum lift coefficient is observed for Re = 5×106. At Re = 5×107 and above, the flow separates almost immediately from the leading edge
and, therefore, the results are very similar to the simulations without modeling transition. This is consistent with the experiments of Achenbach 40

for supercritical flow around a cylinder at ReD = 1.5× 106, which is equivalent to Re = 1.6× 107 for the present sailwing.
At low angles of attack, around α = 0◦, a sudden jump of lift and drag coefficients is observed when increasing the Reynolds number from

Re = 2×106 to 5×106. This regime corresponds to the critical Reynolds number of the flow around a cylinder, which varies from ReD = 2×105 to
ReD = 5× 105. 40 In this regime, the boundary layer transitions before the flow separates and, therefore, the flow is longer attached to the airfoil.
Consequently, the recirculation zone is slightly smaller, resulting in an increased lift and decreased drag.

To summarize, we can state that during the traction phase with high relative flow velocity and thus high Reynolds number, it is advantageous to
increase the stall angle by delaying transition. Because of the increase in lift and decrease in drag, the kite flies faster, produces a higher traction
force and power output. During the retraction phase the relative flow velocity and Reynolds number are lower and tripping the boundary layer
could improve the aerodynamic efficiency. On the pressure side of the airfoil, tripping results in a turbulent instead of a laminar separation of the
flow. This has a similarly beneficial effect as the dimples on a golf ball, delaying separation and therefore reducing the drag. Additionally, the lift
coefficient is increased and therefore the required lift force to keep the system airborne is reached with a lower angle of attack, which increases the
safety margin to the stall angle. By tripping the boundary layer on the suction side, the stall angle can be significantly increased during the retraction
phase. In this study, the effects from the woven material with surface roughness, from deformation and three-dimensional flow components are
neglected. These are expected to induce perturbations in the boundary layer that trigger the laminar-turbulent transition of the boundary layer
earlier.

4 CONCLUSIONS

Previous studies on airfoils with circular leading edge focus only on low Reynolds numbers. However, leading edge inflatable kites used for AWE
systems encounter also high Reynolds numbers. In this paper, a wide range of Reynolds numbers was investigated for a rigid LEI kite airfoil. The
effect of boundary layer transition was studied by using the γ – R̃eθt transition model and comparing its accuracy to the conventional way of
not modeling the laminar boundary layer nor the transition. Both the SST turbulence model and the γ – R̃eθt transition model formulations in
OpenFOAM v1706 toolbox were presented. The computational setup was verified by carrying out a mesh uncertainty assessment and validated
by comparing the simulation results with a low Reynolds number experiment on a similar sailwing airfoil.

For the sailwing airfoil, it was shown that the transition model agrees well with the experimental results over the whole range of Reynolds
numbers. By contrast, the results with transition modeling differ significantly from the experimental data at small angles of attack. In particular, the
sign of the lift coefficient was positive without the transition model while it was negative in the experiment and in the numerical simulations with
the transition model. Moreover, the drag coefficient was under-predicted without transition modeling. For angles of attack larger than 8◦, both
approaches showed similar results because the small dimple at the junction of leading edge and arc-shaped plate induces a separation bubble on
the suction side of the airfoil. In this range of incidence angles, the boundary layer transitions in the separation bubble, which explains why both
models lead to similar turbulent boundary layers behind the bubble. By contrast, for α < 8◦, the flow does not transition in the separation bubble.
Therefore, after reattachment, the laminar boundary layer separates earlier than the turbulent boundary layer without using the transition model.

The simulations on the LEI kite airfoil were performed with a wide range of Reynolds numbers. The results show that it is important to take
transition into account for Re < 2 × 107. At low Reynolds numbers, the aerodynamics suffers from laminar separation both on the suction and
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pressure sides. As the Reynolds number increases, the size of the laminar separation bubble on the suction side decreases, which results in a
thinner boundary layer and higher critical angles of attack. For Re > 2× 107, the transition occurs almost immediately when the flow approaches
the airfoil. In this study, the best efficiency is achieved with Re = 5 × 106, at which the flow exhibits the longest laminar boundary layer without
laminar separation bubble. Moreover, with low angles of attack on the suction side, the separation occurs from a turbulent boundary layer when
Re ≥ 5×106, which also improves the aerodynamic efficiency. At large Reynolds numbers, the results obtained without the transition model are in
better agreement with those obtained with the transition model. The aerodynamics of the airfoil also improves as the Reynolds number increases
due to the decreasing thickness of the turbulent boundary layer.

In this study we did not account for the effects of the woven membrane material, the typically significant deformations and the three-
dimensionality of the flow, but recommend to investigate these effects in future studies on the subject.
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Traction phase:

energy generation

Retraction phase:

energy consumption

Wind

FIGURE 1 Pumping cycle based AWE system components (left) 10 and leading edge inflatable (LEI) kite (right).
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Recirculation zone

Trailing edge separation

Separation

Transition

Reattachment
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FIGURE 2 Flow topology around the LEI kite airfoil.

FIGURE 3 Reference meshes around the sailwing airfoil (left) and the LEI kite airfoil (right) with the mesh resolution of 191×144 and 255×211,
respectively.
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FIGURE 4 Sensitivity of computed aerodynamic coefficients to mesh refinement. Each refinement level decreases the cell size by a third from the
previous level. The solid line is the refinement in the airfoil surface direction and the dashed line is the refinement in normal direction of the airfoil.

FIGURE 5 Computed streamlines and normalized flow velocity around the sailwing airfoil, using the transition model, at 7◦ (top) and 8◦ (bottom)
angle of attack .
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FIGURE 6 Lift (left) and drag (right) coefficients of the sailwing airfoil as functions of the angle of attack. The experimental results 20 are shown
as marker symbols, the simulation results with transition model are shown as solid line and the results without transition model as dashed line.
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FIGURE 7 Comparison of the present numerical simulation with the experiment of Bot et al. 22 Top row: simulation with (left) and without (right)
transition model. Bottom row: experiment for Re < 200 000 (left) and Re > 200 000 (right).
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FIGURE 8 Lift coefficient as function of angle of attack (left) and drag polar (right) for the LEI kite airfoil at various Reynolds numbers, computed
without transition model.

FIGURE 9 Streamlines and normalized flow velocity around the LEI kite airfoil, computed without transition modeling at Re = 106 for α = 0◦

(top), α = 6◦ (center) and α = 12◦ (bottom).
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FIGURE10 Lift (left) and drag (right) polar curves for the LEI kitemiddle section, computedwith transitionmodeling for various Reynolds numbers.

FIGURE 11 Streamlines and the normalized flow velocity around the LEI kite airfoil, computed with transition modeling at α = 6◦ for Re= 105

(top) and Re=5× 105 (bottom).
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FIGURE 12 Friction coefficient cf (top) and pressure coefficient cp (bottom) around the sailwing, computed with transition modeling. Solid line is
the suction side and dashed line is the pressure side.
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TABLE 1 Sensitivity of computed aerodynamic coefficients with respect to mesh resolution along the airfoil surface (Re = 106). The edge size
along the airfoil surface ∆x is given at the leading edge (LE) and at the trailing edge (TE).

Mesh Cl Cd

Resolution ∆xLE/c ∆xTE/c α = 0◦ α = 10◦ α = 15◦ α = 0◦ α = 10◦ α = 15◦

170×211 0.00356 0.00242 0.116 1.55 2.01 0.0387 0.0216 0.0323
255×211 0.00238 0.00207 0.155 1.63 2.07 0.0396 0.0208 0.0340
383×211 0.00158 0.00136 0.172 1.60 2.04 0.0399 0.0198 0.0329
575×211 0.00105 0.00103 0.183 1.62 2.06 0.0402 0.0201 0.0334
863×211 0.00070 0.00086 0.194 1.61 2.04 0.0403 0.0201 0.0333
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TABLE 2 Sensitivity of computed aerodynamic coefficients with respect to mesh resolution normal to the airfoil surface (α = 10◦). The edge size
normal to the airfoil surface ∆y is given at the leading edge (LE) and at the trailing edge (TE).

Mesh y+max y+mean Cl Cd

Resolution ∆yLE/c (×10–7) ∆yTE/c (×10–7) Re = 5× 107 Re = 5× 107 Re = 106 Re = 5× 107 Re = 106 Re = 5× 107

575×63 4.20 4.11 1.310 0.437 1.61 1.65 0.0199 0.0161
575×94 2.65 2.62 0.827 0.277 1.62 1.66 0.0200 0.0159
575×141 1.70 1.61 0.524 0.178 1.62 1.66 0.0199 0.0158
575×211 1.09 1.13 0.337 0.115 1.62 1.67 0.0201 0.0158
575×317 0.729 0.643 0.224 0.077 1.63 1.67 0.0202 0.0159
575×475 0.486 0.428 0.149 0.051 1.63 1.67 0.0202 0.0158
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