Aerotecnica Missili & Spazio, The Journal of Aerospace Science, Technology and Systems

A Multi-Body System Approach to the Simulation of Flexible
Membrane Airfoils
J. Breukelsa , W.J. Ockelsa
a

Delft University of Technology
Institute for Applied Sustainable Science Engineering and Technology (ASSET)

Abstract

This paper outlines a simulation of flexible membrane wings using a multi-body system approach. The simulation
is geared towards application within the world of kites, parachutes and parasails with an inflated tubular support
structure. The simulation divides the chord of the airfoil up into hinged elements. On the nodes between these elements,
aerodynamic forces are introduced. The aerodynamic forces on the airfoil are a function of angle of attack, airfoil
thickness and airfoil camber. The simulation is set-up as part of a toolbox within MSC ADAMS so that new models can
be generated quickly. This simulation is basically a building block to build more complicated configurations. The two
dimensional model is compared to existing wind tunnel data of a similar sail wing. A comparison of a three dimensional
wing is done using data obtained from a photogrammetry measurement on a full-scale inflatable sail wing in a wind
tunnel.

1. Introduction
Flexible sail wings have been subject to extensive research for over half a century ( [1]). [2] Investigated the
aerodynamic characteristics of two-dimensional flexible airfoils or sails without a leading edge tube. He
used thinairfoil theory to obtain the shape of the camber line as a function of angle of attack. [2] Found that
there are stable camber line shapes for which there
is no stagnation point. Experimental results partly
agreed with the theory and [2] attributes the discrepancies to fabric porosity and boundary-layer separation. Simultaneously [3] published work which was
comparable. [4] And [5] launched an investigation into
the aerodynamic characteristics of two full scale models with double membrane airfoils: one with an aspect
ratio of 5.9 and one with an aspect ratio of 11.5. Tests
were performed in the Langley wind tunnel facility in
order to analyze (1) lift and drag, (2) static longitudinal and lateral stability and (3) lateral control. It
was found that a sail wing is able to produce comparable lift-drag ratios as a conventional hard wing. At
low angles of attack, the sail wing obtained unusually
steep lift-curve slopes. Interestingly, [4] found that the
shape of the leading edge nose only had a small effect
on the characteristics of the wing. A round leading
edge attained slightly higher lift coefficients but had a
lower lift over drag ratio. [6] Investigated sail wings by
devising a theoretical model, along the lines of [2] but
including a leading edge spar and a double membrane
configuration. He establishes that lifting-line theory

confirms the maximum lift to drag ratios obtained by
sail wings. [6] continues to attribute the non-linear behavior of the sail wing to the variable camber of the sail
and the flexibility of the trailing edge wire. [13] published a numerical method for predicting the behavior
of an elastic membrane wing under aerodynamic loading. The method combines a vortex-lattice simulation
to a FE representation of a membrane. Iteration is
used to converge to a solution which satisfies both the
FE and the vortex-lattice boundary conditions. Jackson and Christie find that a good conversion is possible between the two models. At the Delft University of Technology, an experimental investigation was
started into the low speed aerodynamic characteristics
of a two-dimensional sail wing. [7] And [8] looked at
airfoils with adjustable slack of sail to analyze its influence. Furthermore, a numerical model is presented
which estimates the performance of both slightly and
highly cambered double membrane airfoils. One of the
most prominent conclusions was that the sail wing obtained a higher maximum lift over drag ratio than its
rigid counterpart, which had a rigid circular plate with
a ten percent camber instead of a flexible sail. It was
established that the higher lift over drag ratio can be
attributed to the higher lift due to a higher camber
and not due to a lower drag. Lastly, [9] performed
extensive research into sail wings and presents a comparison between different sail wing configurations. It
is shown that sail wings have very competitive characteristics compared to conventional hard wings, especially in low speed applications. Due to the variable
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camber, a higher maximum lift over drag ratio can be
attained. Furthermore, it is concluded that sail wings
have a fairly slow rise in drag coefficient, and consequently a slow decrease in lift to drag ratio with increasing values of the lift coefficient. Previous research
shows that double membrane airfoils exhibit a maximum lift over drag ratio roughly twice that of single
membrane airfoils. In this work, a simulation method
is devised, using a multi-body systems approach, to
simulate the behavior of a two dimensional flexible
single-membrane airfoil. This work is part of a larger
effort to create an intuitive kite design tool with which
it is possible to quickly assess different kite configurations before moving to the prototype phase. Currently,
kite design is mostly an empirical affair where a large
number of prototypes have to be built and evaluated
in a mostly trial-and-error fashion. With the advent
of more industrial applications of kites such as energy
generation [10] and ship propulsion [11], requirements
become more stringent and the purely empirical design approach would require more and more prototyping. To reduce the amount of resources dedicated to
the prototyping phase, there is a need for a simulation
which can model a kite, including complexities such as
inflated tubular structures and extreme canopy flexibility.
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face. The actual aerodynamic force is a distributed
force on the canopy surface. In the model, the aerodynamic force is summed in span wise direction and
superimposed on the chord wise wire as a chord wise
distributed force. The chord wise wire itself is modeled as a chain of five rigid elements from leading to
trailing edge and connects the trailing edge wire to the
leading edge beam. The elements are joined together
by hook joints allowing all rotations except axial rotation. The aerodynamic force on the wing element
is introduced as force vectors which act on the five
joints between the leading edge beam and the chord
wise wire elements. Figure 2 shows the wing model
in MSC ADAMS with the chord wise wires and local
aerodynamic force vectors.

2. Two dimensional model definition
From previous research it has become apparent that
the change in camber has a significant effect on the
aerodynamic performance of the sail wing. Simply
assuming constant camber results in a performance
which greatly differs from the performance of a flexible foil ( [4], [5]). In the kite simulation tool, the wing
is divided into a number of chord wise wing elements.
The aerodynamic forces on these elements are summed
and superimposed onto a leading edge to trailing edge
wire which replaces the actual foil. Figure 1 shows the
simplification.

Figure 1. The simplification of a wing element.

In the actual sail wing, lift is produced as a result of
the pressure difference between upper and lower sur-

Figure 2. The sail wing model showing the chord wise
wire elements.

The last element required is the connection between
the different chord wise wires. Up to now, they remain unconnected. In reality the canopy fabric itself
has a negligible bending stiffness, but it does act as
a shear web between arbitrary nodes on the canopy.
This function in the model is fulfilled by cross wires
connecting the chord wise wire elements. The cross
wires consist of a spring connecting the nodes. The
spring stiffness is a measure for the shear modulus of
the fabric. Figure 3 shows the complete wing model,
including the cross wires.
The model depicted in figure 3 is a single membrane
airfoil with a canopy as the upper surface of the wing.
It is important to realize that the structural model
and aerodynamic forces are only indirectly coupled,
in contrast to conventional fluid structure interaction
simulations. The canopy created by the cross wires
acts as a structural member in the flexible camber behavior of the wing under the load introduced by the
local force vectors. The local force vectors are governed by lift, drag and moment coefficients which are
Aerotecnica Vol.89, No.3, September 2010
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ber, angle of attack and airfoil thickness. Previous
research by [2], [3], [6] and [8] yielded rudimentary numerical models. However, its application within the
scope of this simulation proved to be difficult for a
number of reasons. None of the models were suited
for either the type of wings simulated or proved to be
too resource intense, slowing down the simulation. It
was therefore decided to employ an approach based
on an algorithm using fitted polynomials. The data of
airfoils of varying thicknesses and cambers is obtained
through a computational fluid dynamics (CFD) analysis. Figure 4 shows a schematic representation of the
aerodynamic model.
Figure 3. The sail wing model showing the cross wires
between the chord wise wire elements.

dependent, among other parameters, on the local camber of the wing. The algorithm which determines the
lift and drag coefficients has the local camber as an
input parameter. The model finds itself constantly
striving for equilibrium between parameters such as
camber, aerodynamic forces, trailing edge wire tension
and deformations of the inflatable beams. Adding a
lower surface in the model only affects its structural
flexibility. As long as the aerodynamic coefficient algorithm doesn’t change, the extra lower surface has
no direct aerodynamic implications. In order to also
properly simulate a double membrane airfoil, the algorithm which determines the lift, drag and moment
coefficients would need to be adapted as well.
3. The aerodynamic forces
As was stated in the previous section, the aerodynamic properties are introduced through a set of algorithms which take into account a number of parameters to obtain the local lift, drag and moment coefficients. These input parameters consist of camber,
angle of attack and airfoil thickness. The camber of
the airfoil drastically changes the airfoil characteristics. The angle of attack for every section is measured locally, taking into account the wind direction,
flexure of the trailing edge wire in vertical direction
(body axis) and velocity vector of the local wing section. The airfoil thickness introduces the effects of
tube radius and the changes in chord length due to
the flexure of the training edge wire in horizontal direction (body axis). When the trailing edge wire moves
towards the leading edge, the chord length is reduced
and the camber increases. For the sail wings modeled
here, this equals to a subsequent increase of the airfoil
thickness measured in percentage of the chord length.
In order for the model to use the correct aerodynamic
coefficients, an algorithm is required which produces
these coefficients as a function of aforementioned camAerotecnica Vol.89, No.3, September 2010

Figure 4. A schematic representation of the aerodynamic model.

It was also attempted to obtain the data using a
simpler approach using software such as X-foil, but it
was quickly concluded that the high amount of turbulence on the sail wing airfoil yielded poor results.
As was stated earlier, the algorithm for the aerodynamic coefficients determines the aerodynamic properties of the simulated wing. Therefore, this algorithm
is where characteristics such as single or double membrane, leading edge nose shape and fabric roughness
effects on the boundary layer can be found. The different wing configurations exist within the simulation
as different aerodynamic coefficient algorithm packages which can be selected at will. The type of wing
discussed in this paper is a single membrane airfoil
with a circular leadingedge tube. This airfoil is most
commonly used in surf kites and functions as a base
for further investigations. The CFD analysis was performed on three sets of airfoils with 15, 20 and 25 percent thicknesses. The airfoils within each set ranged
in camber from 0 percent to 12 percent. The location of the maximum camber was estimated to lay at
30 percent if the chord. This value was chosen based
on measurements done in [7] and [8]. In reality, the
location of maximum camber varies somewhat with
varying angle of attack. For the purpose of this approximation, it was deemed acceptable to assume the
location of camber to be constant. The airfoil analysis uses a one meter chord airfoil. Around the airfoil
there is a 20-cell thick boundary layer which amounts
to an absolute thickness of 18mm. The airfoil is encompassed in a density box with a maximum cell size
of 10mm. The outer edge of the grid is a box of 10
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meters long and 8 meters high. The maximum cell
size is 50mm at the outer edges of the grid. The left
end and bottom of the outer box is defined as a pressure inlet and the right side and top of the outer box
is defined as a pressure outlet. The solver was configured as pressurebased, steady and two-dimensional
with a Green-Gauss node based gradient option. For
the viscous effects a KOmega SST model was chosen
incorporating transitional flows. For the solution, the
SIMPLEC pressure-velocity coupling was chosen, as
well as a second order discretization of pressure, momentum and turbulent kinetic energy. The specific dissipation rate was left on first order. Calculations were
done with under-relaxation factors of 0.5 for pressure,
0.7 for momentum, 0.7 for turbulent kinetic energy and
0.7 for specific dissipation rate. The case was iterated
for angles of attack ranging from 0 degrees to 25 degrees and aerodynamic coefficients were recorded for
each angle of attack step. The airfoil is stalled at an
angle of attack of 20 degrees. Here the analysis shows
a large area of turbulent flow over the top surface of
the airfoil. It is important to note that the steady
analysis case does not converge after stall. Unsteady
analysis of these cases revealed that a Von Karmann
vortex street is formed behind the airfoil at high angles
of attack. A lack of lower membrane creates a large
amount of turbulence on the lower side of the airfoil,
even at low angles of attack. This is the reason why
programs such as X-foil produce questionable results.
The panel-code behind X-foil is unable to cope with
such nonlinearities. For all large number of combinations of different airfoil thicknesses and cambers, the
aerodynamic coefficients were plotted against angle of
attack. Figure 5 shows the lift coefficients for the 15
percent thick sail wing at different values of camber.

Figure 5. Cl - alpha curves for a 15% thick sail wing
airfoil at different values of camber, obtained using a
CFD analysis.
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Figure 5 clearly shows an increasing lift coefficient
with increasing camber. Higher cambered airfoils show
a higher maximum lift coefficient and a more benign
stall behavior. However, for the large range of camber
values given here, the change of the curve in figure 7
seems small. For conventional airfoils a larger change
can be expected. But the single membrane airfoil differs greatly from a conventional airfoil. Even at low
angles of attack there is a significant turbulent area
on the lower side of the airfoil. The relatively small
change in Cl-alpha curve with increased camber is further substantiated by the measurements of [7] which
also show a relatively small change with increased camber. Figure 6 shows the drag of the same airfoil with
angle of attack.

Figure 6. CD - alpha curves for a 15% thick sail wing
airfoil at different values of camber, obtained using a
CFD analysis.

Increasing camber shows an increase in drag on the
profile, especially at higher angles of attack. The plot
also shows that the 0 percent cambered airfoil stalls
early at an angle of attack of 7 degrees. Such a flat
plate shaped airfoil exhibits poor aerodynamic qualities. Figure 7 shows the moment coefficient curves of
the same airfoil.
Again, one can see that a change in camber has drastic effects. The moment coefficient rapidly becomes
more negative with increasing camber. Because of the
highly flexible nature of the wing, the camber is closely
linked to the pressure difference between the top side
and the bottom side of the airfoil. During flight, one
can expect to see a range of cambers occurring with
all the differences in aerodynamic performance that
figures 5, 6 and 7 indicate.
In the previous section it was shown how the camber flexibility was simulated from a structures point of
Aerotecnica Vol.89, No.3, September 2010
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showed a parabolic characteristic, and therefore a second order polynomial was chosen as an initial attempt
to approximate this relation:
S1

= C1 t2 + C2 t + C3

(3a)

S2

= C 4 t2 + C 5 t + C 6

(3b)

S3

= C 7 t2 + C 8 t + C 9

(3c)

S4

= C13 t + C14 t + C15

(3e)

S6

= C16 t2 + C17 t + C18

(3f)

S8

view. In order to have the correct aerodynamic performance to go with the flexible wing, an algorithm
is devised which looks at the momentary local airfoil
thickness, camber and angle of attack and gives a liftdrag- and moment coefficient to match that particular configuration. In order to approximate the lift
curve with respect to angle of attack, a third order
polynomial is chosen. The characteristic shape of the
Cl-alpha curve between -20 degrees and 20 degrees is
such that the choice for a third order polynomial is
deemed to be a good starting point for the approximation. For the lift coefficient as a function of angle
of attack, we write:
Cl = λ1 α3 + λ2 α2 + λ3 α + λ4

(1)

(3d)

2

= C10 t + C11 t + C12

S5
S7

Figure 7. CM - alpha curves for a 15% thick sail wing
airfoil at different values of camber, obtained using a
CFD analysis.

2

2

(3g)

2

(3h)

= C19 t + C20 t + C21
= C22 t + C23 t + C24

In order to make a best fit, a Matlab program was
written to take the data and make a fit based on the
least squares method. This resulted in numerical values for the coefficients C1 through C24 . Table 1 displays the numerical values of these coefficients.

Coefficient
C1
C2
C3
C4
C5
C6
C7
C8
C9
C10
C11
C12

Value
-0.008011
-0.000336
0.000992
0.013936
-0.003838
-0.000161
0.001243
-0.009288
-0.002124
0.012267
-0.002398
-0.000274

Coefficient
C13
C14
C15
C16
C17
C18
C19
C20
C21
C22
C23
C24

Value
0
0
0
-3.371000
0.858039
0.141600
7.201140
-0.676007
0.806629
0.170454
-0.390563
0.101966

Table 1
The numerical values for the coefficients governing
the lift algorithm.

This yields different values for λ1 through λ4 which
can be plotted with regard to camber κ.

λ1

= S1 κ + S2

(2a)

λ2

= S3 κ + S4

(2b)

λ3

= S5 κ + S6

(2c)

λ4

= S7 κ + S8

(2d)

The first order polynomial was chosen here because,
once plotted, the data appeared to fall onto a straight
line. Therefore, a first order polynomial was deemed
as a good starting point. From the equations (2) a
new set of coefficients S1 through S8 is obtained. The
numerical values of these coefficients are plotted as a
function of airfoil thickness t. The resulting curves
Aerotecnica Vol.89, No.3, September 2010

The error introduced by this fitting procedure deserves special attention. As figure 8 indicates, the error under investigation here is the error between the
data obtained through the CFD analysis and the data
resulting from the fitted algorithm.
The fit error is defined as the square root of the sum
of all the squared differences between the CFD and
matched algorithm data, divided by the square root
of the sum of the squared CFD data. In essence, the
values of the differences between CFD and fitted data
are used as components of a large 1xn vector. This
vector is then normalized. The same is done with the
coefficient values of the CFD data and the quotient
between the two are a measure for the error made in
the fit procedure:
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and produces resp. A drag and a moment coefficient.
For conciseness, the derivation is omitted here. The
algorithm for drag yields:
ˆ
˜
Cd = (C25 t + C26 ) κ2 + (C27 t + C28 ) κ + (C29 t + C30 ) α2
ˆ
`
´˜
+ (C31 t + C32 ) κ + C33 t2 + C34 t + C35
(7)

Figure 8. A schematic representation of what the fit
error encompasses.

error =

norm (Cl,f it − Cl,CF D )
norm (Cl,CF D )

(4)

For this fit this yielded an error of 5.5 percent. With
the values C1 through C24 known, the algorithm for
the lift coefficient is known. The full equation for the
lift algorithm is:

With the numerical values for the coefficients:

Coefficient
C25
C26
C27
C28
C29
C30

Value
0.546094
0.022247
-0.071462
-0.006527
0.002733
0.000686

Coefficient
C31
C32
C33
C34
C35

Value
0.123685
0.143755
0.495159
-0.105362
0.033468

Table 2
The numerical values for the coefficients governing
the drag algorithm.

ˆ`
´
`
´˜
Cl = C1 t2 + C2 t + C3 κ + C4 t2 + C5 t + C6 α3
ˆ`
´
`
´˜
+ C7 t2 + C8 t + C9 κ + C10 t2 + C11 t + C12 α2
ˆ`
´
`
´˜
+ C13 t2 + C14 t + C15 κ + C16 t2 + C17 t + C18 α
ˆ`
´
`
´˜
For the moment algorithm, the fit operation yielded
+ C19 t2 + C20 t + C21 κ + C22 t2 + C23 t + C24 α
the
following expression:
(5)

For this fit this yielded an error of 5.5 percent. With
the values C1 through C24 known, the algorithm for
the lift coefficient is known. To be more precise, it
is known for a range of angles of attack from -20 degrees to 20 degrees. The simulation, however, also
requires values for all the other angles of attack from
-180 degrees to -20 degrees and from 20 degrees to 180
degrees. At these angles of attack, the flow is highly
turbulent and a steady CFD analysis does not converge with risiduals small enough to be considered reliable. Therefore, a more empirical approach is taken
in these ranges of angles of attack by assuming the
aerodynamic properties to be close to that of a flat
plate. For the range of angles of attack from -180 degrees to -20 degrees and from 20 degrees to 180 degrees
we assume the lift coefficient to equal [12]:
Clhighaoa = 2cos2 (α) sin (α)

(6)

For a numerical simulation it is imperative to create functions which are continuous differentiable. If
they are not, numerical integration problems can occur. Therefore, in order to continuously switch between the lift algorithm for low angles of attack and
equation (6) for high angles of attack, a step function
is used to create a smooth transition.
For the drag and moment coefficients, a very similar
method is used to obtain an algorithm which uses camber, airfoil thickness and angle of attack as an input

Cm = [(C36 t + C37 ) κ + (C38 t + C39 )] α2
+ [(C40 t + C41 ) κ + (C42 t + C43 )]

(8)

With the numerical values for the coefficients:

Coefficient
C36
C37
C38
C39

Value
-0.284793
-0.026199
-0.024060
0.000559

Coefficient
C40
C41
C42
C43

Value
-1.787703
0.352443
-0.839323
0.137932

Table 3
The numerical values for the coefficients governing
the moment algorithm.

With the coefficients C1 through C43 known, the
entire behavior of the aerodynamic forces as a function of angle of attack, airfoil thickness and camber
are known. This approach allows for a modular simulation. One could quite easily apply the entire procedure with regard to a different airfoil and in the process obtain a different set of coefficients. Within the
kite simulation toolbox, these different airfoil models
are then selectable. This approach allows the use of
experimental data, as well as numerical data giving it
added flexibility and new avenues of analysis.
Aerotecnica Vol.89, No.3, September 2010
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4. The airfoil moment
In section 2 it was shown that the lift and drag forces
are introduced in the model as resultant forces on the
nodes between the chord wise wire elements. Each vector depicted in figure 2 is a resultant force vector of the
local lift- and drag fraction. Adding the five fractions
would yield the total resultant force vector for that
particular sliver of wing. The aerodynamic moment
of an airfoil is the result of the moment introduced by
the changing pressure distributions on the upper and
lower surface. This means that with changing angle of
attack, airfoil thickness or camber, the five force fractions on the nodes change as well with respect to each
other. This effect can be added to the simulation in
a rather simple manner. Figure 9 shows a schematic
view of a single airfoil as it is represented in the model.

L = L(w1 + u1 a) + L(w2 + u2 a)
+ L(w3 + u3 a) + L(w4 + u4 a)
+ L(w5 + u5 a)

(11)

With:
u1 + u2 + u3 + u4 + u5 = 0

(12)

And where a is an arbitrary increment of change.
Its magnitude is dependent on the amount of change
needed in the lift fractions to account for the changing
aerodynamic moment of the airfoil. The aerodynamic
moment is obtained from the moment algorithm derived in the previous section. It is therefore known for
every combination of angle of attack, airfoil thickness
and camber. This moment is taken around the quarter chord point of the airfoil. We can now write the
following expression:

M = L(w1 + u1 a)(0.25c − c1 )
+ L(w2 + u2 a)(0.25c − c2 )
+ L(w3 + u3 a)(0.25c − c1 )
+ L(w4 + u4 a)(0.25c − c1 )
+ L(w5 + u5 a)(0.25c − c1 )

(13)

For a set of coefficients w1 through w5 and u1
through u5 which satisfy equations (10) and (12) we
can solve for the variable a.

a=

M − L[0.25c − w1 c1 − w2 c2 − w3 c3 − w4 c4 − w5 c5 ]
−L[u1 c1 + u2 c2 + u3 c3 + u4 c4 + u5 c5 ]
(14)

Figure 9. A schematic representation of the airfoil
model.
In the simulation, the lift fractions can now be determined at every time step.
For the lift we can write:
L1
L = Lw1 + Lw2 + Lw3 + Lw4 + Lw5

(9)

with:
w1 + w2 + w3 + w4 + w5 = 1
Expanding on equation (9) we can also write:
Aerotecnica Vol.89, No.3, September 2010

= L(w1 + u1 a)

(15a)

L2

= L(w2 + u2 a)

(15b)

L3

= L(w3 + u3 a)

(15c)

L4

= L(w4 + u4 a)

(15d)

L5

= L(w5 + u5 a)

(15e)

(10)
In this approach, only the lift force varied to incorporate the correct aerodynamic moment. In reality, due to the camber of the airfoil, the drag force
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fractions also introduce a moment with regard to the
quarter chord point. However, the moment arm of the
drag force is small compared to the moment arm of
the lift force. Furthermore, the drag force itself is also
significantly lower than the lift force. Therefore, the
moment introduced by the drag force fractions is much
smaller than the moment of the lift force fractions and
therefore it has been neglected.
5. Comparison to existing experimental data
In this section the model is compared to existing
wind tunnel tests on the basis of the shape and forces.

Figure 11. Lift coefficient plots for Re = 0.195 ∗ 106

Figure 10. A schematic representation of the model
and comparison.

For the comparison, the measurements of [7] are
used. Experimental data on single membrane airfoils
is scarce and [7] was the only publication available.
In [7] a two dimensional sail wing has been tested at
different angles of attack and different values for slack
of sail. The model consisted of a round metal bar with
a fabric wrapped around it. The other end of the fabric was stretched backwards to create a sail wing. The
airfoil of that wing had a 9.33 percent thickness. By
rotating the bar, it was possible to add a slack of sail to
the airfoil. For this comparison, only the results with
no slack of sail are used for comparison since slack of
sail is not included in the present simulation as such.
In order to do a comparison, a model was created with
the same dimensions and properties as the wind tunnel
model of [7]. Figure 11 and figure 12 show a comparison between measured and simulated lift coefficients
at two different Reynolds Numbers (0.195 ∗ 106 and
0.295 ∗ 106 )
simulation deviates from the measurements at
higher angles of attack. In fact, in can be said that
the simulation has a delayed stall behavior compared
to the measurement. Most likely, this is a direct effect of the CFD data used to build the lift coefficient
algorithm. The CFD analysis is notorious for delayed
stall and inaccurate drag predictions when significant
turbulent flow is present. The single membrane airfoil
has such a significant amount of turbulent flow, espe-

Figure 12. Lift coefficient plots for Re = 0.295 ∗ 106

cially at higher angles of attack. At lower angles of
attack, the values from the simulation closely correlate to the measured values. From this consideration,
it is worth looking at a comparison between measured
and simulated drag. A discrepancy is expected.
From figures 13 and 14 it can be seen that the simulation overestimates the amount of drag, especially
for higher angles of attack. The interesting question
is now whether or not this discrepancy is indeed the
result of poor CFD results or whether it is the result of the simulation itself and the resulting shape of
the airfoil. To evaluate this, the shapes of the measured and simulated airfoils are compared. [7] Gives
the airfoil shapes for different values for the slack of
sail. Only the plots with zero slack of sail are useful
in this comparison. [7] Gives the shape of the airfoil
Aerotecnica Vol.89, No.3, September 2010
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Figure 15. A comparison between measured (smooth
line) and simulated (straight line with dots) airfoil
shapes at an angle of attack of 7 degrees.

simulated and measured airfoil shapes at high angle of
attack is the result of the data on which the aerodynamic coefficients are based.
Figure 13. Drag coefficient plots for Re = 0.195 ∗ 106

Figure 14. Drag coefficient plots for Re = 0.295 ∗ 106

for two Reynolds numbers (Re = 0.195*106 and Re =
0.295*106) an angle of attack of 7 degrees. At this angle of attack, the lift coefficients of both the measured
and simulated airfoil are comparable. The question
now is whether or not the airfoils have a comparable
shape under this equal aerodynamic load. The conditions were simulated and a comparison was made.
Figure 15 was composed by overlaying the coordinates of the simulated airfoil onto the plot of the measured airfoil shape from [7]. It can be seen that the
simulated and measured airfoil shapes are very close.
This gives rise to the idea that the deviation between
Aerotecnica Vol.89, No.3, September 2010

6. Three dimensional model definition
Up to this point, only a two dimensional sail wing
airfoil has been analyzed. The ability of the kite simulation toolbox to model three dimensional wings is
essential to its applicability. The general topology of
a kite includes an inflated tubular frame, dyneema
lines and a fabric canopy. During flight, the canopy
and tubular frame exhibit a large amount of flexibility. For this reason, the model has to incorporate
this flexibility. [14] Outlines a multi body approach
to the simulation of inflated tubular beams. Inflated
beams are represented by a linked chain of cylindrical
elements. These elements are linked together using
spherical joints. The joints allow for rotation along
the three axes, one of which is torsion, two of which
are bending. On this joint, a three dimensional torque
vector gives the beam its stiffness. The stiffness along
the three axes is governed by the local beam radius,
internal pressure and local deflection. The algorithm
which governs the stiffness is based on a series of bending experiments on inflated tubes and incorporates the
non-linear bending behavior from unwrinkled to wrinkled and collapsed states. Figure 16 shows the inflated
tubular support structure for the sail wing.

Figure 16. The inflated tubular wing structure.
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In order to validate the three dimensional inflatable
sail wing, a complete model of an elliptically shaped
sail wing was created using the kite simulation toolbox. This wing was first devised as part of an effort
to create a kite which can fly as a kite (on a single
line) and an airplane (with slack cable). This type
of kite, henceforth named ”kiteplane” was to be used
for energy generation in a Laddermill system [10]. The
width of a sliver of wing, modeled by a chord-wise wire
of figure 9, is dictated by the length of the inflatable
leading edge element it is attached to. Therefore, every leading edge element has its own chord wise wire.
These chord-wise wires end at the trailing edge which
is formed by a trailing edge wire. Figure 17 shows the
wing, including the chord-wise wires.
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form the fabric canopy of the wing. The canopy is
attached to the leading edge at the upper side, all
along the span of the wing. At the trailing edge, the
canopy is attached to the trailing edge wire. This trailing edge wire spans from the left wingtip to the right
wingtip and is attached to the chord-wise inflatable
struts. For this model, the canopy itself is not attached to the struts. For other kite structures it may
be necessary and therefore the kite simulation toolbox is able to do so. Up to now, the chords of the
wing make use of aerodynamic coefficients which have
been obtained by analysis of two-dimensional airfoil
sections. In reality, downwash and tip vortices influence the lift distribution of the wing in such a way
that the actual local lift coefficients are slightly lower
than their two-dimensional counterparts. This effect
on the aerodynamic properties of a wing has been subject of extensive research since the 1910s. There are
several models to choose from to incorporate this effect. In light of the nature of this simulation, a model
was required which gave reasonable results at low computation cost. Due to the fact that this computation
would have to be done for every wing chord and at
every time step, Prandtl0 s lifting line theory [18] was
selected. Furthermore, the elliptic plan form of the
wing further suggests Prandtl0 s theory given its reputation for producing good results for wings of such
configuration.

Figure 17. The sail wing model including the chordwise wires.

The last element required is the connection between
the different chord wise wires, as was explained in section 2. Figure 18 shows the complete wing model,
including the cross wires.

Figure 19. A schematic representation of Prandtl0 s
lifting line theory.

According to [18], Prandtl proposes a vortex sheet
with a circulation as a function of angle θ.
Figure 18. The complete sail wing model.

The cross wires together with the chord-wise wires

Γ (θ) = Γ0 sin (θ)

(16)

We can write equation (16) as a Fourier sine series:
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Γ (θ) = 2bV∞

N
X

An sin (nθ)
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(17)

n=1

With n = (1, 2, .. , N) and N can be as many as is
required for accuracy. The coefficients A1 through AN
are unknowns. However, they have to satisfy Prandtl0 s
fundamental equation of the lifting line theory [18].
Differentiating equation (17) with respect to y, we obtain:
N
X
∂Γ ∂θ
∂θ
∂Γ
=
= 2bV∞
nAn cos (nθ)
∂y
∂θ ∂y
∂y
n=1

(18)

Substitution of equations (17) and (18) into the
fundamental equation of Prandtl0 s lifting line theory
yields:

α (θ0 ) =

N
2b X
An sin (nθ) + αL=0 (θ0 )
πc (θ) n=1
Z PN
1 π n=1 An cos (nθ)
+
∂θ (19)
π 0 cos (θ) − cos (θ0 )

According to [19], the integral in equation (19) can
be rewritten to form:

α (θ0 ) =

N
2b X
An sin (nθ) + αL=0 (θ0 )
πc (θ) n=1

+

N
X

An

n=1

sin (nθ0 )
sin (θ0 )

(20)

For any arbitrary span wise location, specified by
θ0 , the only unknowns in equation (20) are the coefficients A1 through AN . By evaluating equation (20)
at N different stations on the wing (and therefore N
different values of θ0 ), a system of N equations with N
unknowns is created which can be solved. We are left
with values of effective angle of attack α (θ0 ) for every
wing station. These values for effective angle of attack
are then used to determine the local aerodynamic coefficients using the algorithms of section 3.
7. Toolbox methodology
Building these models by hand is extremely laborious and introduces a high chance of errors due to bad
construction. Therefore, a toolbox was created within
MSC ADAMS to generate the model. Figure 20 shows
a schematic view of the model building process.
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Figure 20. A schematic representation of the model
generation process in the kite simulation toolbox.

The toolkit consists of three fundamental building
blocks. Inflatable beams, foils and cables. These
blocks can either be directly used to build a model
or they can be used from within an assembly. An assembly file is a macro which executes commands and
user defined entities in order to build a model. For
the wing under discussion in this paper, a fully parametric assembly was created. This assembly allowed
for the quick generation of the model. The inputs are
data files with properties belonging to the assembly
or the building blocks themselves. They are called
within the assembly and define the model. The model
properties has geometric and visualization properties.
These properties include items such as wing span,
chord lengths, tube diameters, internal pressures and
cable attachments. From these properties, a backbone
is generated. The backbone of the model is a collection of coordinates indicated by dummy parts which
make up the nodes of the model. These nodes indicate where parts such as tubes or cables begin and
end. Once the backbone is completed, the model is
filled in by calling the three building blocks and building these components. Tube, foil and cable properties govern the specific behavior of these components.
For instance, the coefficients which make up the algorithms for bending and aerodynamic forces are stored
here. The generation process has been set up like this
so that changes made after the model is generated are
correctly implemented. This is crucial for a design
tool. In this way, changes to properties such as chord
length or tube diameter are quickly implemented and
simulated.
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8. Wind tunnel tests
With regard to the simulation the question has to
be raised wetter or not the wing shape and the forces
are calculated accurately. In order to answer this question, a series of wind tunnel tests were performed on
a full-scale inflatable sail wing. Tests were performed
at the Boı̈¿ 12 nwindkanal of the University of Stuttgart
in Germany. The Boı̈¿ 12 nwindkanal is a suction tunnel with a circular test section diameter of 6.3 meters
and a maximum velocity of 17 m/s. The kite was positioned in the tunnel upside down and suspended by
attaching the bridle lines to the load cells in the ceiling
of the tunnel. Figure 21 shows the kite in the tunnel.
Figure 22. Side-by-side view of the actual wing in the
tunnel and the wireframe model

Figure 21. The kite in the Boenwindkanal, suspended
from the roof. Photo: Max Dereta.

The shape of the canopy was recorded using photogrammetry. The surface of the canopy and part of
the leading edge tube were covered in 300 equidistantly
spaced dots with a diameter of 12mm. By taking photographs of these dot patterns from different angles,
photogrammetry software is able to orient the cameras and the dots in three-dimensional space. This allows for a construction of a wireframe model of the sail
wing canopy. Figure 22 shows a side-by-side view of
the actual kite in the tunnel and its wireframe model.
In order to build an accurate wireframe model, each
dot needs to be clearly visible on photographs taken
from at least two different angles. Dots that are only
visible on one photograph can not be oriented in 3D
space. In order to have all these dots photographed,
14 different pictures were taken from 14 different angles. In order to capture the shape of the wing, an
array of 14 Nikon D300 digital cameras was installed
in the tunnel to take photographs simultaneously. All
cameras were connected to a single shutter switch allowing for all 14 cameras to snap simultaneously, and
thereby instantly capture the shape of the wing. One
other technique has been employed to try and capture the shape of a kite in a wind tunnel. A laser
scanner was used during a test of a kite suspended in

the Large Low Speed Facility of the DNW institute in
the Netherlands [17], but resulting mesh accuracy was
poor because of the cycle duration of 90 seconds of the
laser scanner and the small vibration of the kite during
that time. Photogrammetry allows for instant capture
and yielded models with an X- Y- and Z-precision error of nomore than 1.7mm. In the determination of the
angle of attack the assumption was made that the flow
in the tunnel is parallel to the longitudinal axis of the
tunnel. This assumption was made for other research
projects in the tunnel as well and was deemed reasonable for a tunnel of such configuration. In the floor of
the tunnel there is a square panel with markers on it
which are used to create a line parallel to the longitudinal wind tunnel axis. These markers were imported
into the photogrammetry model as well which allowed
an accurate reconstruction of the angle of attack. During the test phase the wing was placed under different
angles of attack and in flows of different velocities. For
each combination of angle of attack and flow velocity,
the load on the load cells was recorded and three different series of 14 simultaneously taken photographs
were stored. During the post processing phase very
ittle difference was observed between the three series
of pictures taken, giving rise to the belief that the kite
was stable during the tests and that very little vibration occurred. All test data was post-processed into
wireframe models of the shape of the wing.
9. Comparison to experimental data
using the toolkit with the same geometry as the
kite tested in the wind tunnel. The model was suspended in the same manner as was done in the tunnel
and the same flow conditions were introduced. The
forces were obtained by measuring the tension in the
bridle lines and the shape of the wing was recorded
by exporting the deformed model to a 3D CAD program (Rhino 4) where the simulated model could be
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overlaid with the wireframe model obtained through
the photogrammetry measurement. In the simulation,
the model achieved equilibrium and displayed no significant vibrations. All runs were done on a conventional desktop computer and required approximately
two minutes to achieve five hundred 0.01s time steps,
resulting in a total run length of 5 seconds. All simulations managed to reach equilibrium within the first
2 seconds of simulated time. After the first two seconds, the displacement of the simulated components
was negligible. The first case to be discussed is a case
where the free stream velocity equals 5.3 m/s and the
angle of attack equals 12 degrees. This angle of attack
is taken at one of the tail booms. It is a reference
angle of attack based on the angle between the longitudinal axis of the tunnel and the longitudinal axis
of the tail boom. The local angle of attack along the
span of the wing can differ greatly from this reference
angle of attack. The angle meant here is only used to
reference the measured model to the simulated model
and it is not used for any calculation of aerodynamic
coefficients. Only local angles of attack are used for
that purpose. Figure 23 shows the resulting measured
shape in red and the simulated shape in black.

Figure 23. A comparison between the measured (red)
and simulated (black) shape at a wind velocity of
5.3m/s and a reference angle of attack of 12 degrees.

To get a better view of the differences between the
simulated and measured shape, three different airfoil
cutouts are made at the location indicated in figure
23 by the letters A, B and C. Figures 24 through 27
show those cut-outs for different angles of attack and
velocities.
The difference in shape between the measured and
simulated model are quite significant. A possible reason could be that this measurement was taken at a
low velocity and a resulting low wing loading. The
wing which was placed in the wind tunnel was handmade and had a reasonable amount of flights under
Aerotecnica Vol.89, No.3, September 2010
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Figure 24. A comparison between the measured (red)
and simulated (black) shape at the three wing stations
indicated in figure 23 (Vwind = 5.3m/s).

its belt prior to wind tunnel testing. As a result, the
fabric was not perfectly taut as the simulated model
assumes. Therefore, initially only a very small amount
of force is required to exhibit quite a significant camber in the canopy. This slack in the sail is possibly the
cause of this discrepancy in canopy shape. The force
on the bridle was measured to be 39.6N. The simulated model registers 35.25N, which is comparable to
the measured value. For second case to be discussed
the wind velocity is 8 m/s and the reference angle of
attack is 11 degrees. Figure 25 shows the cross sections.
This case sees a higher pressure in the canopy and
a closer correlation between the simulated and measured shapes. Especially cross section B shows improved correlation. This can be explained by the fact
that the strut which exists there keeps the trailing edge
in place as much as it can. Only flexure or torsion of
the strut or leading edge beam can displace the trailing edge in that location. A discrepancy does exist at
cross section C where the trailing edge displacement
of the simulated and measured model shows a significant difference. Due to the fact that this discrepancy
increases towards the tip, it is plausible that this is
caused due to increased torsion of the leading edge
beam. This idea is further substantiated by the fact
that the outer most strut of the measured model exhibits a slightly decreased angle of attack with respect
to the same strut on the simulated model. The torsion
model of the inflated tube was validated in [16] therefore a local weakness or production fault in the inflated
tube could be the cause of this phenomenon. Which of
the two might become apparent when models of higher
wing loading are compared. If the discrepancy in tip
angle of attack stays relatively constant with increas-
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Figure 25. A comparison between the measured (red)
and simulated (black) shape at the three wing stations
indicated in figure 23 (Vwind = 8.0m/s).

ing wing loading, it is more likely the result of a fault
in production whereby the leading edge beam has a
slight twist. If the discrepancy grows with increasing
wing loading a local weakness lowering the torsional
stiffness is more plausible. The resulting force in the
beam was measured in the wind tunnel to be 75.28N.
The simulation showed a value of 69.43N, a value comparable to the measured bridle force. The third case
was measured at a wind speed of 12 m/s and at a reference angle of attack of 22 degrees. Figure 26 shows
the cross sections.
In this case, the wing is close to CL max and the
pressure in the canopy is considerable. At this configuration the wing introduced a total force in the bridle
lines of 173.97N in the bridle lines. The simulated force
in the bridle lines was 169.8N, a value very close to the
measured bridle force. In this high canopy stress case
the measured and simulated model show good correlation at cross sections A and B. For cross section C the
same discrepancy is visible as was observed in cases
one and two. The last case was taken at close to the
maximum tunnel speed of 16m/s and at a reference
angle of attack of 21.5 degrees. Figure 27 shows the
resulting cross sections.
Again, at this high canopy stress case, good correlation is obtained between the measured and simulated
models. This seems to substantiate the hypothesis
that the larger discrepancies seen in the first two cases
are indeed the result of initial slack in the foil. As the
tension increases and the displacements grow larger,
the relative contribution of the initial slack becomes
smaller. Better shape correlation is reached and more
accurate bridle force values present themselves. For
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Figure 26. A comparison between the measured (red)
and simulated (black) shape at the three wing stations
indicated in figure 23 (Vwind = 12.0m/s).

Figure 27. A comparison between the measured (red)
and simulated (black) shape at the three wing stations
indicated in figure 23 (Vwind = 16.0m/s).

this case, the bridle force was measured in the wind
tunnel to be 262.28N, the simulated value turned out
to be 257.7N. Furthermore, the discrepancy in cross
section C seems to remain equal for whatever wing
loading acts on the canopy. This further substantiates
the idea that the wing indeed has a slight twist in the
outer area of the inflated leading edge tube. Such a
Aerotecnica Vol.89, No.3, September 2010
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twist could have easily come about as the result of a
production fault or due to damage sustained during
flight testing. One last issue that requires attention is
the kink which is present in the measured canopy at
station B. At about 30 percent chord from the trailing
edge the canopy has a bend downwards. This bend
is clearly visible in figure 27 at 16m/s but was also
beginning to become visible in figure 26 at 12m/s. A
possible explanation of this kink is that at this station, due to the increasing tension, wrinkles start to
form in the canopy fabric. These wrinkles were clearly
observed during testing. These wrinkles may have disturbed the flow to such a degree that an area of turbulence occurs. The simulated model does not take into
account such local effects and therefore the kink does
not show itself.

based on a multi-body method produces a simulation
which satisfies the requirements stated by current kite
designers. As a recommendation, more research can be
done into new airfoil models such as double membrane
airfoils. This would allow the possibility of assessing
the impact of single VS double membrane airfoils in
different sail wing applications. The Prandtl lifting
line theory produced good results for the elliptic sail
wing which was subject of this paper0 s investigation.
Other wing shapes, most notably the arc-shaped nonplanar wings of conventional surf kites will be subject
of further research.
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