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In this paper a process for how to perform aeroelastic tailoring of a sailplane wing is 

described. The analysis was carried out with the aid of a Finite Element solver and the 

aerodynamic loads were calculated with a potential flow solver. The design parameters of the 

process were mainly the number of carbon fiber plies and their orientation, but it was also 

possible to change the geometry of some wing features. A new carbon fiber wing, which was 

to be fitted onto the sailplane Ventus-2c, was modeled. The performance of the new wing was 

evaluated in a semi viscous wing analysis program, from which a drag polar was obtained for 

a number of stacking sequences. Static analyses were run for critical flight cases and stacking 

sequences to make sure that the wing could withstand the aerodynamic loads. In addition, the 

natural frequencies and mode shapes of the wing were obtained from a modal analysis. In the 

paper it is further shown that the fiber angles of the laminates have significant impact on the 

twist and the aerodynamic performance of the deformed wing. In addition, the static margin 

was calculated for both the configuration with the new wing and the original Ventus-2c wing. 

 

Introduction
*
 

At the beginning of the seventies carbon fiber laminates 

had a major breakthrough in sailplane construction, much 

due to its high stiffness and good strength to weight ratio 

[1]. One other interesting property of composite 

materials, like carbon fiber laminates, are that they can be 

made orthotropic, which allows the designer to create 

laminates with custom made coupling between bending 

and twisting. This can be achieved by working with the 

number, order and direction of each individual ply in the 

composite stack. At present, the development of 

computer performance has come far enough that it is now 

possible to analyze the structural effect different stacking 

sequences have on the behavior of an entire sailplane. 

The analysis performed in this paper only required a high 

performance personal computer (PC), running a finite 

element (FE) code. Aerodynamic loads for the analysis 

can be calculated, and in doing so one can perform more 

realistic analyses, which in turn allows for the production 

of safer and more efficient sailplanes. 

 

Aeroelasticity is a topic where the interaction between 

aerodynamic loads and structural deformations and 

stability is studied. It is a subject which requires 

knowledge from many different disciplines, such as 

mathematics, aerodynamics and solid mechanics. 

Composite materials, flight mechanics, optimization and  
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control theory are often of importance as well.    

 

The main objective with this paper is to describe a 

process for aeroelastic tailoring that does not require too 

much manual effort. Aeroelastic tailoring is a concept 

which means that one aims to construct a component 

with a satisfactory aeroelastic behavior while fulfilling 

certain constraints. In the case of aeroelastic tailoring of a 

wing one likes to obtain god insight into the aeroelastic 

phenomena while maintaining good wing properties. 

Examples of aeroelastic phenomena are flutter and 

divergence, while high lift to drag ratio and good stall 

behavior are examples of good wing properties. In the 

process described in this paper the effect different 

laminate layups have on the aerodynamic performance of 

the wing was studied. In order to perform an accurate 

aeroelastic analysis one needs very good insight into the 

mass distributions and the behavior of the control 

systems. Properties like these are very hard to estimate 

before a wing has actually been built and tested, so even 

though the process described in this paper allows for 

flutter and divergence analyses, the uncertainties would 

be much too large for the results to be reliable. 

 

In the process described in this paper a computerized 

approach is taken and computer aided design (CAD) and 

finite element methods (FEM) were used to design and 

analyze the wing. In order to apply realistic loads on the 
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wing, computational fluid dynamics (CFD) was utilized 

and a method for transferring equivalent pressure loads 

as forces and moments to the nodes of the structural 

mesh was also used. The computer used was not a 

supercomputer but rather a high performance PC, so the 

method used should be available to anyone who 

possesses the appropriate software.   

 

The wing developed was designed to fit a Ventus-2c 

sailplane. The original Ventus was manufactured at the 

beginning of the eighties by the German company 

Schempp-Hirth and is a one seated sailplane. It was one 

of the first sailplanes where carbon fibers were 

successfully implemented and it has both taken part in 

and won many World Championships. Since the eighties 

a constant development of the Ventus sailplane has taken 

place, which has resulted in a new generation from which 

three models are available today: Ventus-2a,-2b and -2c. 

The second generation replaced the original Ventus and 

has been manufactured since 1994. The 2a and 2b models 

are 15 meter span sailplanes while the 2c model can be 

used as both a 15 and 18 meter span sailplane, depending 

on what wing tip is used
†
. The new wing described in this 

paper has a span of 18 m and a slightly higher aspect 

ratio than the original wing. 

 

As in most engineering problems and particularly 

aeronautics, aeroelastic tailoring is a task with many 

complex aspects and different kinds of boundary 

conditions that have to be considered and satisfied. 

Aspects to be considered are aerodynamic performance, 

mass distribution, aircraft control and stability, and 

structural liability. Additionally, when designing a wing 

for an already existing aircraft, some geometrical 

constraints have to be considered as well. That is; not all 

aspects of the wing design were governed by aeroelastic 

behavior of the wing but rather a tradeoff between 

multiple aspects.  

 

When designing a new wing for an aircraft one can not 

only analyze the wing as an isolated part from the rest of 

the aircraft, but one must rater evaluate the complete 

aircraft configuration. Different wings have different 

aerodynamic properties which must be taken into account 

when deciding on the position of the wing. For the wing 

in this paper the position on the fuselage was governed 

by geometric constraints and the desire to have 

approximately the same static margin (SM) as the 

original Ventus-2c configuration.  

 

Before the development of the process for aeroelastic 

tailoring begun some extensive material testing was 

conducted [2]. At the time of writing plans for 

constructing half a right inner wing were being made. 

The wing is to be manufactured from the carbon fibers 
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SGL Sigratex KDU1009 and KDL8003
‡
, see the material 

test in for more information on the complete laminates. 

The KDU1009 is a unidirectional (UD) material which 

means that the fibers in the material are all oriented in the 

same direction and held together only with tape, while 

the KDL8003 is a fabric which consists of fibers woven 

together, so that they are perpendicular to each other. The 

matrix used was MGS Laminatharz L285
§
 and the 

properties of the complete laminates, such as density, 

Young’s modulus and thickness per layer, was imported 

into the FE-model. Note that when using composite 

laminates as construction material the design parameter 

is not actually the thickness of the laminates but rather 

the number of layers in the laminate. That is; only 

discrete thicknesses are available for the laminates that 

consist of plies (no sandwich core).     

Wing design 

Overview 

The outer geometry of the wing was decided on before 

the process of aeroelastic tailoring began and the tools 

used in the development of the wing shell were both the 

aircraft CAD program SUMO
**

 and the wing analysis 

program XFLR5
††

. The process of developing the wing 

shell will not be described more than this since the shape 

is not considered as design parameter. But keep in mind 

that the external shape should have a significant impact 

on the aeroelastic behavior of the wing and that it might 

become a design parameter in future, more refined, 

aeroelastic tailoring processes. 

 

The wing was designed as two separate parts in order to 

make the wing easier to handle and transport when not 

attached to the aircraft. The new wing had a span of 18 

m, a dihedral angle of 3.5
o
, an installation angle of 1.6

o
 

and the root and tip chords were 0.63 m and 0.21 m 

respectively. The planform of the wing can be seen in 

Figure 1. 

 

 

Figure 1. The planform of the complete wing 

 

The complete wing had a projected area of 9.55 m
2
 

(including the area of the fuselage between the wings) 

which gave a quite high aspect ratio of 33.9. The aspect 

ratio was calculated using 
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where  is the aspect ratio,  is the span and  is the 

planform area. 

 

The airfoils used in the wing were designed by David 

Eller
‡‡

 with support of Professor Loek Boermans of the 

Delft University 

 

Instead of having a geometric twist of the wing to obtain 

a desirable pressure distribution, the geometry of the 

airfoils changed as a function of spanwise position. The 

root airfoil can be seen in Figure 2 below. The airfoils 

used throughout the wing had the same characteristics as 

the root profile. That is; a low thickness to chord ratio, 

small nose radius and a large distance between the 

leading edge and the point of maximum thickness, which 

is typical for laminar profiles used in sailplanes. 

 

Figure 2. The root profile of the new wing 

Both the new and the original wing were equipped with 

water tanks which could be filled with water as ballast. 

The ballast allows the sailplane to reach the maximum 

glide ratio at higher airspeed and the water can be 

released before landing in order to reduce the landing 

speed and the loads on the airframe.   

Fuselage – wing intersection 

The position on the fuselage where the wing was to be 

mounted can be seen in Figure 3 and naturally the new 

wing should fit all holes and features found at the 

intersection. 

 

 

Figure 3. The holes and features on the Ventus-2c 

 

In order to make the wing fit, two fairings had to be 

designed, one structural and one aerodynamic. In the 

structural case the fairing had to match the hole for the 

main spar of the wing, the two holes for the pins which 

transfer the lift into the fuselage, the hole through which 

the control rods for the flaperons pass and the torque rod, 

which connects to the water ballast valves. In the 

aerodynamic case, the fairing had to match the original 

root profile found at the fuselage wing intersection, see 
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Figure 3. In addition, the aerodynamic fairing should be 

designed in such a way that it protects the laminar 

boundary layer on the wing from the turbulent boundary 

layer on the fuselage. 

 Control surfaces 

Both the original and the new wing were equipped with 

flaperons, which extended along almost the entire wing 

span. Both wings also had an airbrake installed on the 

inner wing section. The new wing was designed in such a 

way that the hinge line was located at 85% of the chord 

at every spanwise position.    

Wing center spar 

For the new wing a new concept for how to connect the 

wings to each other and to carry the moment from the 

wings was developed. In the original Ventus-2c wing 

each wing had an extension of the main spar, with the 

same width as the fuselage, which enabled it to connect 

to the wing on the other side. In the new design, a single 

spar was designed to fit through both holes of the 

fuselage and connect to reinforced ribs in each wing, see 

Figure 4. 

 

Figure 4. The wing center spar in black and the wings 

and fuselage in grey 

 

This resulted in a longer spar and thus a lower sheer 

force at the end of the spar s, as well as the possibility to 

change the dihedral angle by constructing a new center 

spar instead of a completely new wing.    

Spars and ribs 

All spars in the new wing were constructed with C-

profiles and two of them were mounted so that they 

opened up towards each other, as can be seen in Figure 5 

below. 

 

 

 

 

  (1) 
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Figure 5.The inner wing section, where the grey areas 

are the three C-spars 

 

This configuration was used in both the inner and outer 

part of the wing, with the difference that the spars in the  

 

outer wing were installed closer to each other. The spars 

in the outer wing also extended into the inner wing 

section and in doing so created a spar which connected 

the two wing sections. In addition, there was one spar 

parallel to the hinge line at a distance of 32 mm from the 

hinge line, this spar can also be seen in Figure 5. 

 

The ribs were evenly distributed along the span in both 

parts of the wing and designed to prevent buckling in the 

wing shell. The yellow region in Figure 5 above 

represents the airbrake mentioned earlier and the deep 

red regions are areas which have been reinforced with 

UD-material. At the root there were a very large number 

of UD plies (around 30), while there at the tip of the 

inner wing were less than ten plies. The red transparent 

regions solely constitutes of woven fibers and a sandwich 

core. 

Method 

CAD 

The internal wing design and FE-analysis were 

performed in NX Nastran [3] (see Appendix 2 for a 

tutorial on how to design the spars, ribs and flaperons in 

NX Nastran). In Figure 6 the first ansatz for the internal 

layout can be seen. The model was made out of sheets 

(zero thickness) and in order to be able to easily make 

changes in the wing design, the entire CAD model was 

parameterized.

 

Figure 6. The ribs and spars of the wing 

FEM 

To be able to perform any FE-analysis one must first 

discretize the entire geometry one would like to include 

in the analysis. This is usually done by using a meshing 

tool, for which the element type and size have to be set. 

When the tool is activated any selected CAD surface will 

be meshed.  

 

For the theory behind finite element methods please see 

[4] or any other basic FE-book, as it will not be discussed 

in this paper. The mesh was a 2D-structural mesh made 

up of 2D elements with four nodes, whose material 

properties were set using a material container. When 

assigning materials to an element using a material 

container, the user can define a number of plies. For each 

and every ply a material, a thickness and an angle can be 

set, creating a complete laminate which can easily be 

modified and updated later on in the design process. The 

material container may also allow for the implementation 

of a number of different laminate failure theories. In this 

case, the Hoffman failure theory was used. The Hoffman 

failure theory is a plain stress failure theory and its index 

is calculated by evaluating the left hand side of  

 

where  is the stress of the plies in direction one and two, 

 is the shear stress of the plies, X and Y denote the 

maximum allowed stress in the x and y direction for the 

material in the ply during tension (T) and compression 

(C), and S is the maximum shear stress of the material.  

 

If the calculated index of a ply is larger than one the ply 

have exceeded the maximum allowed design stress and 

would fail. During analyses the index for all plies in the 

model was calculated automatically and for all flight 

cases of interest it was made sure that the index never 

became equal to or larger than one. 

 

The overall mesh for one wing consisted of about  

12100 nodes and 18300 elements, with a typical element 

size of about 40 mm, see Figure 7. At the leading edge 

some refinement was required, which will be explained 

 (2) 
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in the Computational Fluids Dynamics section. 

 

Figure 7. The mesh of the outer wing seen from above 

Since the mesh was made out of 2D elements, some 

elements represented multiple features. For example, the 

grey elements in Figure 7 represented both the wings 

outer surface and the flanges of the spars, which were 

included into the FE-model by adding extra plies to the 

material container at those positions. However; to be able 

to apply these plies at certain regions, one had to mesh 

each material region separately, which both resulted in a 

large number of meshes and that the NX draping 

algorithm did not work on the entire wing, since the 

algorithm only operates on one mesh at a time.  

 

The wing was not only made up of carbon fiber 

laminates, it also consisted of a protective gelcoat, epoxy 

adhesive to put the different laminates together, metal 

features such as the mechanism for the airbrake and 

hinges and balance masses for the flaperons. The gelcoat 

and the glue were accounted for as nonstructural mass at 

the relevant surfaces and the water ballast was modeled 

as nonstructural mass on the areas wetted by the water.  

Modeling fluids like that is a quite coarse simplification 

but on the other hand very simple. Since only static 

analyses are performed there was no need to be able to 

model dynamic effects of the water and this crude 

method should still place the centers of gravity (CG) of 

the water at approximately the correct position.  

  

All other wing features were modeled with beam 

elements or point masses, the latter were then connected 

to the wing using multi point constraints (MPCs). MPCs 

allow the user to connect a number of nodes to each other 

and lock certain degrees of freedom (DOF) in order to 

make sure that the nodes have the same displacement in 

those DOF. MPCs are not finite elements but rather 

equations that describe kinematic constraints. It is 

important that one recognizes the difference between 

MPCs and one-dimensional finite elements, since they 

are like apples and pears. One-dimensional finite 

elements contribute with mass and stiffness, just as any 

other element, while MPCs are just kinematic 

constraints. 

 

All the non-lifting parts of the Ventus-2c were modeled 

as point masses at their respective CG and the point 

masses were then connected with the wing by MPCs. The 

weight of the non-lifting components was determined 

using a balance and in the case of the fuselage, the CG 

was calculated with the aid of two balances. Since the 

total moment acting on a free end should be zero, the 

leaver arm for the CG has to balance the moments 

produced by the forces measured by the balances.   

 

When running static FE-simulations it is imperative that 

there are no mechanisms or rigid body motions, since 

that would result in a singular stiffness matrix. However; 

an aircraft in flight does not have any support and if a 

simulation would be run with only the aerodynamic 

loads, rigid body motion would arise. In order to simulate 

the inertial forces which keep the aircraft in balance in 

reality, the FE-solver has a feature called inertial relief
 

[5]. The feature calculates the rigid body acceleration that 

would occur on the unconstrained object and then applies 

counteracting accelerations in the appropriate directions, 

so that the sum of all forces acting on the body is zero. 

This procedure allows for static simulations of 

unconstrained objects, but note that it is important that 

the mass and mass distribution of the object is somewhat 

correct, in order for the inertial forces to be 

representative. 

 

Since only the wing was modeled in detail and the 

fuselage and horizontal stabilizer were represented as 

point masses the forces applied by the inertial relief 

would be wrong, since neither the inertia of the fuselage 

or lift and moment produced by the stabilizer have been 

included. One easy way to account for them is to apply a 

force and a moment at the CG so that there is no 

acceleration around the lateral axis, which would 

simulate a trimmed flight condition. 

 

When working with symmetric FE-models it is common 

practice to only create half the mesh and then apply 

symmetry boundary conditions which prevent the model 

from moving into or rotate about the symmetry plane. 

This results in a major reduction of the computational 

costs but leads to complications when using the feature 

inertial relief, since the mass distribution would be 

wrong, which in turn leads to unbalanced accelerations. 

For small models as the wing described in this paper, it is 

easiest to just mirror the mesh and suffer the higher 

computational costs. The mirroring is required anyway 

for unsymmetrical load conditions, such as a banking 

turn. 

 

To constrain the hinged control surfaces, simple spring 

elements were used representing a fixed stick scenario. 

However; since the properties of the control system is 

unknown the spring coefficient had to be estimated. 

 

The loads applied were obtained from CFD calculations 

described in the Computational Fluid Dynamics section 

below. When the mesh, boundary conditions and loads 

from a number of flight conditions had been defined, two 

types of analyses were performed. The first analysis was 

a static analysis, solving for the failure criteria and 
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stresses in the wing to make sure that the wing 

construction satisfied the requirement of a maximum 

stress of 348 MPa. The second analysis was a modal 

analysis, where the natural frequencies and mode shapes 

of the wing were found. To obtain the natural frequencies 

and mode shapes the undamped and unforced equation of 

motion  

was solved by the FE-solver. 

 

In (3)  and  are the mass and stiffness matrix 

respectively, the displacement vector which is 

dependent of the time t and is the second time 

derivative (acceleration) of . The solutions to (3) are 

eigenvalues and eigenvectors, which correspond to the 

natural frequencies and mode shapes of the structure. 

 

Computational Fluid Dynamics 

In order to be able to construct a good sailplane wing it is 

very important that the loads used in the analyses are 

somewhat realistic. Two methods for estimating loads 

and load distributions were used, the first one being the 

Doublet-Lattice Method (DLM) and the second one 

being a CFD method, where the dry water flow solver 

(dwfs)
§§

 was used. The DLM was used to obtain an initial 

estimate of the sheer forces and moments in the structure, 

which allowed for the calculations of a first layup of the 

carbon fiber plies.  

 

In order to run the potential flow solver, an aerodynamic 

mesh of the wing had to be made and it is important that 

both the structural and aerodynamic mesh are located at 

the same position and in the same coordinate system, in 

order for them to overlap. In this particular case the CAD 

geometry was defined in SUMO, from where an 

aerodynamic mesh of the entire sailplane easily could be 

generated. To calculate a pressure distribution for the 

aerodynamic mesh a configuration file had to be written. 

The file specified a flight condition, such as airspeed and 

angle of attack, and the results could be visualized in 

Scope
**

 as seen in Figure 8.  

 

                                                           
§§
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Figure 8. A pressure distribution with a airspeed of 

285 km/h and a load factor of 5.3g 

 

To apply the aerodynamic loads onto the structural mesh, 

a script was used which calculated equivalent node loads 

from the aerodynamic solution. The script read both the 

structural and the aerodynamic mesh and the basic 

principle was to obtain equivalent node loads and 

moments from the aerodynamic mesh by integrating over 

the area of each structural element, giving 

 

 

where  and  are forces and moments in the i:th node, 

 is a shape function of the structural element,  is the 

pressure from the aerodynamic solution,  is the element 

normal,  and  are local element coordinates,  is the 

Jacobian which transforms the local element coordinates 

into global coordinates and  is the area of the structural 

element. The concept of transferring loads came from 

David Eller, who also wrote the script mentioned above. 

 

Since the integrations in (4) are done numerically the 

pressure is only evaluated in the gauss points of each 

structural element. However; at the upper side near the 

leading edge of the wing there is usually a pressure peak, 

why a larger number of elements are required in that 

region to make sure that the pressure peak is captured 

properly.  

 

The script then created a text file which the FE-solver 

could link to and thereby obtain aerodynamic loads for 

the static simulations.   

 

Before the potential flow solver was run it could be set to 

not only calculate the pressure distribution, but also 

aerodynamic coefficients and some of their derivatives. 

This was done for both the original Ventus-2cx model 

and for a model equipped with the new wing. To 

calculate the position of the neutral point (NP) from the 

 (3) 

 (4) 
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reference point used in the potential flow solver, one  

simply evaluates  

where is the position of the NP, is the pitch 

moment gradient, is the lift-curve slope and  is 

the mean aerodynamic chord.  

The neutral point is of great interest when it comes to 

evaluating the longitudinal static stability of an aircraft, 

since the aircraft is statically stable if the CG lies in front 

of the NP. However; for different types of aircraft that 

distance varies a lot, why a dimensionless number called 

the static margin (SM) is used for comparison. The static 

margin is calculated by      

where  is the position of the CG. 

Performance 

In order to evaluate the aerodynamic performance of 

wings with different stacking sequences the wing 

analysis program XFLR5 v6 was used. It is written by 

Andre Depperrois and distributed under the terms of the 

GNU General Public License
***

 and thereby available to 

anyone. In order to create a wing in the wing analysis 

program the user has to define the airfoils and their 

orientation at a discrete number of spanwise positions. 

The airfoils can be imported from text files containing 

coordinates or created in the program using the NACA 

standard. After that the program calls the built in 

XFOIL
†††

 code and runs analyses for a number of angles 

of attack and Reynold’s number for all the airfoils used in 

the wing. The user can thereafter define a flight condition 

of interest. Results from XFOIL are interpolated and the 

performance of the complete wing is evaluated with 

either the Lifting Line Theory, the Vortex Lattice Method 

or a 3D Panel Method. 

 

As mentioned earlier the wing analysis program was used 

to design the wing shell. However; when the 

aerodynamic loads were applied the wing structure 

deformed and when the geometry changed, so did the 

aerodynamic performance. Nodes were created in the 

structural mesh and connected to the stiff corners of the 

spars using MPC elements, at the same spanwise 

positions as the profiles defined in SUMO and XFLR5. 

After performing a FE-analysis of a specific flight case, 

the twist in each node could be extracted and then 

transferred to the wing analysis program where the 
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 http://web.mit.edu/drela/Public/web/xfoil 

airfoils were twisted accordingly. The performance of the 

complete deformed wing could thereafter be obtained. 

Results 

Flight mechanics 

All the distances in this section are measured from the 

nose of the fuselage. In Table 1 the mass and the center 

of gravity for each component of the sailplane can be 

found.  

Table 1: Masses and the position of the CG from the 

nose along the longitudinal axis 

 

In Table 2 a comparison of the position of the CG, NP 

and the SM for both the original and the new 

configuration, with a seat load of 110 kg and without any 

ballast, can be seen. The MAC used for the original wing 

was 0.66 m while the new wing had a MAC of 0.56 m. 

 

TABLE 2. Comparison of the entire Ventus-2c with 

the original and the new wing without ballast 

 CG pos[mm] NP pos[mm] SM 

Original wing
[6 & 8]

 2299 2447 22.4 % 

New wing 2268 2558 21.3 % 

 

In Table 3 a comparison of the position of the CG, NP 

and the SM for both the original and the new 

configuration, with a seat load of 110 kg and ballast, can 

be seen.  

 

TABLE 3. Comparison of the entire Ventus-2c with 

the original and the new wing with ballast 

 CG  pos[mm] NP  pos[mm] SM  

Original wing
[6 & 8]

 2262 2447 28.0 % 

New wing 2264 2558 22.0 % 

 

Static analysis 

Different stacking sequences were tested at a load factor 

of 5.3 g and a flight speed of 285 km/h, which is the 

maximum allowed speed for the original Ventus-2c [7]. 

In Figure 9 below the Hoffman failure index for the new 

 (5) 

 (6) 

 Mass [kg] CG pos 

Wing (Empty ballast tanks) 142 2391 

Wing beam 13 2324 

Fuselage + instruments 116 2868 

Pilot
[6]

 110 1470 

Total (Empty ballast tanks) 381 2268 

Total (Full ballast tanks) 581 2264 

http://www.gnu.org/licenses/gpl.txt
http://www.gnu.org/licenses/gpl.txt
http://web.mit.edu/drela/Public/web/xfoil/
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wing with full water ballast can be seen for such a load 

case. Lighter color corresponds to a higher index.  

 

 

Figure 9. The failure index for the first ply on the 

lower side of the right wing  

Modal analysis 

In Table 4 the results from the modal analysis can be 

found. Note that the first six rigid body modes have been 

excluded. 

 

Table 4.Natural frequencies from the modal analysis 

 

 

In Figure 10 the second mode can be seen without any 

water ballast. The lines perpendicular to the wing are the 

point masses and their MPC connectors that are used to 

model the non-lifting parts.   

 

Figure 10. The unsymmetrical mode shape of the 

second mode 

Performance analysis 

The first stacking sequence that fulfilled the structural 

requirements at a load factor of 5.3 g and a velocity of 

285 km/h, had a shell layup consisting of a sandwich 

layup, with the woven carbon fiber KDL8003 at the 

angles [0 45 0 (core) 0 45 0]. In order to evaluate the 

influence of the fiber orientation, the angle of the mid 

layers were changed in steps of 15 degrees and for each 

new angle, a FE-simulation and the wing analysis 

program were run. The results from varying the fiber 

angle can be seen in Figure 11 and Figure 12. It was 

found that the wing deformed the least with the 45 degree 

plies, why a stacking sequence which started with 45 

instead of 0 degree plies was run as well.  

 

 

Figure 11. The wings twist as a function of the span 

for different stacking sequences 

 

Figure 12. The drag polar for different stacking 

sequences 

The twist of the wing used to generate Figure 12 came 

from a load analysis with a CL of about 0.32. The flight 

case was meant to represent a typical flight condition, 

with an airspeed if 200 km/h, a load factor of one and full 

wing water ballast tanks.  

Discussion 

In Table 2 it can be seen that the static margin for the 

configuration with the new wing is very close to the 

original wing configuration when there is no water 

ballast in the wings. However; in Table 3, where the 

water ballast is added, the static margin of the original 

configuration increases much more than for the new 

configuration. This increase for the original configuration 

would not be present in real flight since then the fin tank 

would be filled as well, which has been excluded from 

the analysis. The tank can carry 7.8 liters of water and 

should decrease the static margin considerably if filled up 

for both configurations.  

 

It is however unfortunate that the static margin is lower 

for the new configuration than for the old configuration 

since it is much easier to move the CG backwards. This 

is because the sailplane extends much longer backwards, 

and thereby creates a longer leaver arm for any extra 

Mode nr Frequency [Hz] Type Ballast 

1 1.9 Symmetrical No 

2 4.3 Unsymmetrical No 

3 5.9 Symmetrical No 

1 1.2 Symmetrical Yes 

2 3.8 Unsymmetrical Yes 

3 5.3 Symmetrical Yes 
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weight positioned there, such as the fin water ballast 

tank. 

 

One should probably not compare the SM obtained with 

other aircraft, but rather use it as a comparison between 

different configurations, since the NP has not been found 

through actual flight testing.  

 

In Figure 9 sharp longitudinal lines can be seen at a 

number of spanwise positions. These lines coincide with 

the positions where the UD-material is decreased, which 

should be expected. However; when the actual wing is 

built the decrease of UD-material will not be at specific 

positions, but rather decreased with only a few layers at 

the time, to avoid geometric inconstancies and such 

stress concentrations as can seen in Figure 9. At the wing 

root of Figure 9 it can be seen that the failure index is 

decreased, this is because of the contribution from the 

center spar.     

 

In the performance evaluation only the lift to drag has 

been used as a measure of merit, but of course there are 

many more aspects to consider, why some sort of 

optimization algorithm should be used to find a good 

stacking sequence. 

 

 

The polar in Figure 12 has a deficiency: due to the fact 

that each line is calculated for a single deformation only. 

Therefore only the point which corresponds to the actual 

load that was used in the FE-simulations is valid. 

However; the wing load should not change much for 

small changes in the lift coefficient, so the change in 

deformation should also be small, which implies that the 

drag coefficients in the vicinity of the calculated drag 

coefficient for the deformed wing should be almost as 

accurate.  

 

One can see that the difference in both twist and 

performance between the single 45 and 30 degree layer is 

smaller than the difference between 30 and 15 degrees. 

This is good, because it indicates that small deviations in 

the layup do not have a very big impact on the 

performance.  

 

In the performance evaluation only the twist is 

transferred to XFLR5, but in reality the airfoils are 

deformed and the wing bends around both the 

longitudinal and vertical axis. However; it could be seen 

in the FE solution that the deformations of the airfoils 

were minor and the effect on the wing performance from 

other deformations than twist should be small in 

comparison.   

 

When the wing is deformed the performance is evaluated 

for that deformation. However; in reality the load would 

change when the wing deforms which would cause the 

load to change again, and so on. To obtain more accurate 

results one should iterate until convergence. Such a 

process would however not be feasible, since a new CAD 

and FE model would have to be generated for each 

iteration. For such a procedure to be realistic a much 

more simple geometry would be required, so that the 

process could be automated. In the case of only one 

iteration, the obtained results ought to be closer to the 

real performance of the wing than the initial undeformed 

model, why the performance results found in this paper 

should still be relevant.    

Conclusions 

 The unidirectional material is superior when it 

comes to carrying load in its main direction. It 

does however perform very poorly in the 

secondary direction and in shear, why the thick 

laminates containing UD-plies must also have 

some layers of fabric to reduce the stress in the 

secondary direction and in sheer. 

 The stacking sequence in a sailplane carbon 

fiber wing has significant influence on the 

aerodynamic performance of the wing. 

 It is very simple to make changes to the FE-

model and it should be possible to implement an 

optimization algorithm, since the properties of 

the FE model is defined in a text file which can 

be manipulated before solving. Making changes 

to the CAD model is however much more 

difficult and requires a great deal manual labor 

even for a small change in the geometry.  

 

Future work 

 It should be possible to write a draping 

algorithm that changes the material orientation 

of each element by comparing its normal to a 

starting vector and to then compute the rigid 

body rotations the material should have to go 

through to get to the element in question. 

 It should be possible to write a program that can 

manipulate the stacking sequence in PCOMP 

and send the wing twist from the Nastran output 

to XFLR5 for evaluation. Then it should be 

possible to implement an optimization algorithm 

that finds the stacking sequences that deforms in 

such a way that the original aerodynamic 

performance is maintained.   

 Once the wing is built and the properties of the 

control system and mass distribution can be 

estimated better, one can perform flutter and 

divergence testing on the wing. 

 Design an aerodynamic fairing which protects 

the laminar boundary layer on the wing from the  

turbulent boundary layer on the fuselage.  

 Design the airbrake. 

 Design all components in detail.



 

 

10 

 

Acknowledgments  

I would like to thank my supervisors Professor Ulf Ringertz and Ph.D David Eller, without whose guidance and expertise 

this paper and my thesis work would never had been possible. 

 

Also I thank my room colleague Monica Norrby for her help and advice concerning the writing and layout.   

 

Finally I would also thank my girlfriend Kristina Olofsson for proofreading the paper and supporting me throughout my 

thesis work. 

  

References 

[1] F. Thomas, Fundamentals of Sailplane Design, College Park Press, Maryland 

[2] F. Toth, "Determination of the Material Properties of Carbon Fiber Reinforced Materials by Combined off-AxisTension Tests", 

Department of Aeronautical and Vehicle Engineering, KTH, Stockholm 2010 

[3] NX Nastran 6.0.4.3, Simens, Texas 

[4] G.R. Liu and S.S. Quek, The Finite Element Method: A Practical Course, Butterworth-Heinman, Oxford 

[5] MSC.Nastran Quick Reference Guide 2001 

[6] A.Hövelmann, "Development of a Rigid Body Simulation Model for the Schempp-Hirth Ventus-2cx and Applied Flight 

Simulation", Department of Aeronautical and Vehicle Engineering, KTH, Stockholm 2009 

[7] FLIGHT MANUAL for Sailplane Registr.-No 955,  Schempp-Hirth, Model: Ventus-2c, November 2004  

[8] Weight and balance report Registr.-No 955, Schempp-Hirth, May 2005 

 


