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Abstract

Classical aerodynamic wind tunnel tests are performed with stiff or rigid wind tunnel models. Over the
years wing structures have become more flexible, and with the rise of non-conventional designs, such
as strut-bracedwings featuring high aspect ratios, evenmore flexible designs have risen. To capture the
aerodynamic performance of these concepts under varying load conditions, resulting in different flight
shapes, a static-aeroelastically scaled wind tunnel model is required. The thesis research objective is
to structurally design a static-aeroelastically scaled wind tunnel test model using optimization routines
to find the optimal scaled aeroelastic characteristics representing the reference wing in wind tunnel test
conditions while incorporating the safety constraints. Use cases included in the research are both an
unconventional high aspect ratio strut-braced wing as well as a highly flexible cantilever wing.

To obtain aeroelastic and aerodynamic similarity, the aerodynamic similarity parameters should be the
same and the elastic properties of the structure should adhere to static-aeroelastic scaling laws, which
were found to solely depend on the length and pressure ratios. For finding a structure that has those
elastic properties, design optimization is needed. After length scaling for the wind tunnel, little room
for structural elements is left, especially in the slender strut-braced wing concept. For this reason, a
composite shell with solid foam is used, as composites allow control over the directional stiffness. How-
ever, the discrete nature of composites, consisting of various layers with each a variable ply direction,
complicates the optimization. To overcome this complication, lamination parameters are used to make
the design space continuous, allowing the use of gradient-based solvers. An optimization framework
was developed to optimize the lamination parameter space including a finite element solver in com-
bination with scaled aeroelastic loads. The design variables considered in the optimization are the
lamination parameters and the thicknesses of the laminate with the root mean square of the difference
in deformation as objective. After optimizing in the lamination parameter space, the stacking sequence
is retrieved using an open-source tool, OptiBless.

The results showed that the design space of the unconventional strut-bracedwing configuration is highly
non-convex which results in finding local minimum solutions. For a cantilever wing, the optimization
is much more robust, as the optimization yields comparable results for multiple starting points which
can be considered as the global optimum. The optimization framework developed was able to design
a static-aeroelastically scaled wind tunnel model, consistently resulting in a representative match in
terms of deformation with the full-scale design for the cantilever wing. For the strut-braced wing, a rep-
resentative match can also be found but these results were inconsistent. The optimization framework
proved to be successful to optimize composite designs for cantilever wings. For non-conventional de-
signs, this method is less powerful as using a great number of starting values is required, diminishing
the computational benefit of using a gradient-based solver, and other strategies could be considered
that may yield better results.
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Nomenclature

𝐴 Crossectional area 𝑚ኼ
𝑎 Speed of sound 𝑚/𝑠
𝑏 Wingspan 𝑚
𝐶ፃ Drag coefficient -
𝐶ፃ,ኺ Zero-lift drag coefficient -
𝐶፟ Friction coefficient -
𝐶ፋ Lift coefficient (3D) -
𝐶፥ Lift coefficient (2D) -
𝐶ፌ Aerodynamic moment coefficient -
𝑐 Chord 𝑚
𝐷 Drag 𝑁
𝐸 Euclidean distance -
𝐸 Material Young’s modulus 𝑃𝑎
𝐸𝐴 Axial rigidity 𝑁
𝐸𝐼 Bending rigidity 𝑁 ⋅ 𝑚ኼ
𝑒 Oswald factor -
𝐹 Force 𝑁
𝑓 Distributed force 𝑁/𝑚
𝑓፤ (𝜃፣ , 𝜃።) Coefficient function of ply drop between j and i -
𝐺 Material shear modulus 𝑃𝑎
𝐺𝐽 Torsional rigidity 𝑁𝑚ኼ
ℎ Laminate thickness 𝑚
𝐼 Area moment of inertia 𝑚ኾ
𝐽 Torsion constant 𝑚ኾ
𝑘፱ Scaling ratio of parameter x -
𝐿 Lift 𝑁
𝐿 Reference length 𝑚
𝑀 Aerodynamic moment 𝑁𝑚
𝑀ፚ Mach number -
𝑁 Difference in number of plies between thicker and thinner laminate -
𝑝 Pressure 𝑃𝑎
𝑄𝑥𝑥 Reduced stiffness (xx=11,22,12,66) -
𝑞 Dynamic pressure 𝑃𝑎
𝑅 Specific gas constant of air 287 𝐽/(𝑘𝑔 ⋅ 𝐾)
𝑅𝑒 Reynolds number -
𝑆 Sutherland’s temperature 110.5𝐾
𝑆 Wing planform area 𝑚ኼ
𝑇 Temperature 𝐾
𝑇ኺ Reference temperature 273.15𝐾
𝑡 Thickness 𝑚
𝑈 Stiffness invariant -
𝑉 Airspeed 𝑚/𝑠
𝑋 Number of plies thicker laminate -
𝑥 x-coordinate m
𝑦 y-coordinate m
𝑧 z-coordinate m
𝑧̄ Ply’s location from the laminate centre normalized with laminate thickness -
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𝛼 Angle of attack ∘

𝛾 Heat capacity ratio of air 1.4
𝛿 Deformation 𝑚
𝜃(𝑧̄) Ply angle at 𝑧̄ ∘

𝜅 Stiffness 𝑁/𝑚
𝜇 Dynamic viscosity 𝑘𝑔/(𝑚 ⋅ 𝑠)
𝜇ኺ Dynamic viscosity of air at reference temperature 𝑇ኺ = 273.15𝐾 1.716 ⋅ 10ዅ኿ 𝑘𝑔/(𝑚 ⋅ 𝑠)
𝜉 Lamination parameter -
𝜙 Twist angle 𝑟𝑎𝑑

A Aspect Ratio -

A In-plane stiffness matrix
B Coupling stiffness matrix
Cs Structural damping matrix
D Out-of-plane stiffness matrix
Ks Structural stiffness matrix
Ms Structural mass matrix
M Out-of-plane moment resultants
N In-plane force resultants
QA Aerodynamic force matrix
x Vector of (deformed) coordinates
𝝐 Vector of mid-plane strains
𝜿 Vector of plate curvature

Subscripts
𝑚𝑎𝑥 Maximum
𝑟𝑒𝑓 Reference model
𝑊𝑇 Wind Tunnel model



1
Introduction

Wind tunnel tests are often used to verify applied methods during the design process. In recent years
more lightweight materials and slender wings have been introduced to make aircraft more fuel-efficient.
Generally highly stiff models have been used to assess the aerodynamic properties but this is no longer
valid as the difference between the jig and flight-shape of the full scale wing has increased. Therefore
properly scaled aeroelastic models need to be designed. It would be possible to create multiple rigid
models that are built in the different required flight shape, but this would result in large material, mold
and man hour costs. Another option is to use a single model that deforms in the same manner as the
reference wing. The latter would lead to lower costs to manufacture but a more complex structure to
design. Heeg et al. [1] validated a set of aeroelastic scaling laws that can be used to scale a wing to
fit inside the wind tunnel. The challenge they found, however, was to find a manufacturable design
that matches the required elastic properties after scaling, especially while being restricted by the wind
tunnel strength requirements.

As part of the H2020 AGILE project [2], a Strut-Braced Wing (SBW) is designed and optimized. The
Royal Netherlands Aerospace Centre (NLR), the company at which this thesis research takes place,
wishes to be able to scale this design for a wind tunnel test in the DNW HST wind tunnel where the
static aeroelastic properties are scaled to match the full-scale deformations. The H2020 AGILE SBW
will be used as a reference case for this thesis as it is representative of possible wings that may be
tested aeroelastically in the near future. A conventional cantilever version will also be considered in this
thesis. As the slenderness of the H2020 AGILE SBW is very high, the scaled model would, therefore,
be very thin. This provides a challenge for the strength requirements of the wind tunnel and it also limits
the structural options for the wind tunnel model. Structural elements such as ribs are hard to fit, thus,
the use of a composite shell model is considered.

The aim of this research project is, therefore, to structurally design a static aeroelastically scaled
wind tunnel test model by writing an optimization routine that computes the structural charac-
teristics of the composite model, such that they represent the scaled static aeroelastic char-
acteristics of the reference wing, within its flight envelope, while incorporating the safety con-
straints.

For this thesis an optimization framework is developed, capable of finding initial composite laminate
designs for a composite shell wind tunnel model. The developed framework is then used to scale two
wings, a conventional cantilever wing and a strut-braced wing. The methodology of the developed
framework is evalutated as a whole and the results found for both wings are evaluated for the test-
envelope.

This thesis starts with an overview of the found literature in chapter 2. The literature covers three main
topics: strut-braced wings, aeroelastic scaling, and (aeroelastic tailoring/optimization of) composite
structures. The literature review led to the methodology found in chapter 3, which discusses the steps
that were to be taken in this thesis, but also the limitations of optimization framework. In chapter 4, the
aeroelastic scaling parameters are derived using the formulas from literature and wind tunnel limits,
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2 1. Introduction

and a CFD verification of aerodynamic discrepancies still present. In the next chapter, chapter 5, the
objective of the optimization is determined, namely the full-scale static aeroelastic results, which can be
scaled with the factors found in the chapter before it. The FEMmodel set-up of the wind tunnel model is
discussed in chapter 6, which includes a sensitivity analysis of the mesh size. Chapter 7 discusses the
optimization process. These latter two chapters together describe the developed framework and the
design choices made in the process. The results of this thesis, shown in chapter 8, analyze the perfor-
mance of the developed framework for various cases and show the overall capabilities of the developed
framework. Finally, the thesis is concluded in chapter 9, in which also several recommendations are
made for future research.



2
Literature Review

This literature review establishes the state of the art of aeroelastic scaling and composite model opti-
mization. Also, the impact of using a strut-braced wing as a case study is researched by establishing the
advantages, disadvantages, and the design impact of strut-braced wings. This is done in section 2.1,
with a brief description of the use-case of this research, the H2020 AGILE SBW. Next aeroelastic scal-
ing is discussed in section 2.2, this section discusses aeroelastic phenomena, aerodynamic scaling
for wind tunnel tests, and static-aeroelastic scaling parameters. Thereafter, composite structures and
aeroelastic tailoring is reviewed in section 2.3. Here an overview will be given of the state of the art of
designing composite models and optimizations strategies for composite design.

This literature review is meant to set a framework for the research in this thesis. As such it does, albeit
focusing on the general, include an introduction to specifics for this thesis.

2.1. Strut-Braced Wings
In this section strut-braced wings (SBW) will be discussed. First, a short introduction to the aerodynamic
and structural (dis)advantages of strut-braced wings is given. Next an overview of the AGILE model,
one of the reference models for this research, is presented.

A strut-braced wing is a wing that is supported by an external strut. Generally, the main wing has
a high-wing configuration and the strut is placed somewhere near the bottom of the fuselage and is
connected to the wing about halfway along the wing’s span. Strut-braced wings are not a new concept,
struts or trusses were used in some of the very first aircraft. However, the external structures caused
a drag penalty and replacing this idea with a cantilever wing with a bigger thickness to chord ratio
was found to be more efficient in terms of drag. However, using a strut allows for a longer wing with
minimal weight penalty as the strut relieves some of the bending moment. The Transonic Truss-Braced
Wing (TTBW)1 concept, in development by Boeing and NASA, has an aspect ratio of 19.55, while a
Boeing 787’s composite wing has an aspect ratio of 11 and the aspect ratio of the conventional wing
of the Boeing 747-400 is only 8 [3]. This shows the great difference between the two concepts and
the potential of a SBW. When the aspect ratio (A) increases the lift to drag ratio increases, as can be
seen in equation (2.1). At the same time, an increase in zero-lift drag (𝐶ፃ,ኺ) decreases the lift to drag
ratio. The latter will increase for a SBW as it has a larger wetted surface. For this reason, it can not be
clearly said whether a SBW is better or worse than a cantilever wing.

( 𝐿𝐷)፦ፚ፱
= 1
2√

𝜋𝑒A
𝐶ፃ,ኺ

(2.1)

The relief in bending moment from the strut allows a SBW to be lighter than a cantilever wing of the
same length as the wing has to be less strong. Similarly, a longer wing with the same weight is possible.
1A truss braced wing is similar to a SBW but has one or more additional juries between the strut and wing.

3



4 2. Literature Review

Such a longer, more slender, wing will result in a lower induced drag. Another option is to decrease
the wing-thickness and keep the same weight, as less strength is needed. A thinner wing decreases
transonic wave drag and parasite drag, which would allow for a lower sweep. The former is due to the
lower velocities around the airfoil, lowering the local Mach number, thus reducing transonic effects, the
latter is due to the reduced wetted area. Sweep is often used to delay shock formation in transonic
flow, which, due to the reduced transonic wave drag that comes with the thinner wing, is no longer
necessary. The lower wing sweep and high aspect ratio result in a larger region of laminar flow and
laminar flow has a lower skin friction drag than turbulent flow of the sameReynolds number [4]. This can
be seen in figure 2.1, which shows that laminar flow has a much lower friction coefficient than turbulent
flow. At the same time, a higher Reynolds number can give lower total drag due to the delay in flow
separation when dealing with turbulent flow, this is shown by the dip in the drag vs Reynolds number
curve in figure 2.2. The Reynolds number at which this dip occurs depends on the Mach number,
surface roughness, and the shape of the object in the flow. For streamlined bodies, such as airfoils,
this dip is not as pronounced as for blunt bodies such as a sphere. This is because that streamlined
bodies are designed such that they minimize flow separation. At larger angles of attack, the difference
between Reynolds numbers may be more pronounced. It will have to be verified whether the Reynolds
number differences between the full-scale and wind tunnel model pose a problem in this thesis.

Figure 2.1: Effect of transition on the friction coefficient, for a smooth flat
plate at zero incidence [4].
Curves from theory: (1) laminar (based on Blasius’ theory [5], (2) turbu-
lent (based on theory from Prandtl [6]), (3) turbulent (based on theory from
Prandtl and Schlichting [7]), (3a) transition (based on theory from Schlicht-
ing [4]), (4) turbulent (based on theory from Schultz-Grunow [8])

Figure 2.2: Drag coefficient vs Reynolds number for
various bodies [4]

The strut does increase the zero-lift drag due to an increase in wetted area from the strut but the
increase in aspect ratio at the same time decreases the induced and transonic drag. This makes that
the positive effects of using a SBW can sometimes outweigh the negative, depending on the specific
use. A 1978 analysis by Boeing concluded that although the strut saved wing weight and had favorable
effects on the main wing, the strut buckling due to -1G load condition increased the thickness to chord
ratio, 𝑡/𝑐, of the strut so much the strut drag was too high to outweigh the benefits [9]. A current
SBW study, which is not completely finished, by NASA and Boeing, called the SUGAR (Subsonic Ultra
Green Aircraft Research) project does show promising results for the SBW concept so far [10–13]. An
approximate decrease of 8% in fuel consumption was reported compared to a cantilever winged aircraft
which was analyzed and optimized in the same way [11].

SBWs, as mentioned, offer the possibility to decrease the wing thickness without increasing the wing
weight. However, the thinner airfoils result in smaller wing box dimensions, which, although capable of
handling the lower load, also have a reduced torsional stiffness. This lower torsional stiffness increases
the static aeroelastic deformations and may reduce the flutter and divergence speeds [14]. This makes
the aeroelastic analyses of these types of wings even more important than for conventional cantilever
wings. The aeroelasticity of SBWs can be analyzed similarly as conventional high aspect ratio wings,
however, the interaction between the strut and the wing makes for an extra constraint for structural
(FEM) analysis, as the strut ’pulls’ the wing down and takes up part of the bending load of the wing
from root to strut. Also, an extra interaction between the strut and wing in the aerodynamic analysis is
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present. Figure 2.3 shows the interference drag at the strut-wing joint, mostly due to (shock-induced)
separation, at different Mach numbers. It can be seen that, even at low Mach numbers, separation
occurs at the strut-wing intersection resulting in interference drag which would not occur for a cantilever
wing.

Figure 2.3: Interference drag over a SBW at various Mach numbers [15]

2.1.1. Aeroelastic Behaviour of SBWs
Non-linear aeroelasticity for fixed-wing aircraft was analyzed first to create an understanding of aeroe-
lastic responses in transonic flight, as aerodynamic non-linearities arise from shocks and separa-
tion [16, 17]. For high aspect ratio wings, non-linear effects for the structure are important to include [17],
as the geometry of the structure changes so much due to the high flexibility. Since the AGILE wing
has a high aspect ratio and deals with shocks due to the strut-wing interaction, non-linear effects are
of importance.

Aeroelastic testing of SBWs in wind tunnels has been done for a dynamically scaled SBW, where
natural frequencies and the flutter boundary were of main interest [18, 19]. These tests showed a
significant non-linear variation of the flutter boundary with different angles of attacks that seems to be
characteristic to truss-braced wings [18]. No tests of a similar type as intended in this research were
found, where a model is static aeroelastically scaled to match in deformations as to show aerodynamic
(including transonic) effects on a strut-braced wing. Section 2.2.2 will give some more insight into
aeroelastic testing.

2.1.2. SBW Configuration Studies
Several Multidisciplinary Design Optimization (MDO) studies have been performed into the optimal
design of SBWs, these all focus on the wing or overall aircraft weight but some did include a constraint
for the flutter boundary, flutter was shown to often be a problem for Strut-Braced Wings and thus the
design driving constraint [20]. Sulaeman parameterized a SBW and looked into the effects of strut-
wing junction positions. It was found that the optimum position of the junction is between 50-80% of the
wingspan, values more near the tip will decrease the flutter speed and the buckling capacity while the
strut will have little positive effect nearer to the root [21]. A similar study by Bhatia et al. confirmed this
and suggested a junction location between 55-70% of the span [22]. They also suggest that the same
or more forward sweep for the strut compared to the wing is favorable for the flutter speed. Chakraborty
et al. compared the effect of using a clamped, pinned, or ball-joint for the strut-wing joint. They found
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that for both Strut-Braced Wings and Truss-Braced Wings there was a very small weight benefit for
using a clamped strut, however, the benefit was insignificant and using a ball-joint in the model would
be beneficial for production reasons [23]. Using a ball-joint results in the fact that all forces and no
moments are transferred at the strut wing interaction point. This reduces the bending moment in the
wing (for positive G-forces). For SBWs, the -1.0G loading condition can be critical due to strut buckling,
while for cantilever wings positive loads (which are higher) are almost always critical. Naghshineh-Pour
avoided this issue by suggesting a form of telescopic strut, allowing the strut to only help with bending
relief but avoid strut-buckling [24].

2.1.3. Strut-Braced AGILE Model
As one of the use-cases for this research the strut-braced design of the European Horizon2020 AGILE
project was chosen. The other use case is a cantilever wing version of this wing. The AGILE project
focuses on the development of MDO frameworks and has used several different aircraft designs as
use-cases [25].

One of them is the SBW shown in figure 2.4, which is a transonic mid-range passenger aircraft, the top
level requirements for this design are shown in table 2.1.

Figure 2.4: AGILE Strut-Braced Wing design [2]

Top Level Aircraft Requirements
Passengers [-] 90
Max payload [kg] 9180
Range @ max payload [km] 3500
Mach number in cruise @ ICA [-] 0.78
Dive Mach number [-] 0.89
Initial cruise altitude [m] 11000

Table 2.1: AGILE Strut-Braced Wing design’s top level
requirements [26]

This aircraft is interesting because it is a Strut-Braced Wing which has a lot of data freely available
and the data that is not online is (or can become) available at the NLR. This data includes the exact
dimensions and mass and stiffness matrices of the optimized full-scale wing. The SBW is modeled,
in the provided full-scale model, as two wing surfaces, the wing and the strut, which are connected at
the strut-wing intersection with a clamped strut-wing-joint at the front spar location. The wing root is
clamped while there is a ball joint at the strut root. Negative G-forces, and thus possible buckling due
to the compression on the strut are not expected during wind tunnel testing and will therefore not be
considered in the design and verification process.

Another use-case could have been chosen for this research as not the exact wind tunnel model design
is of interest but the method of designing it. The AGILE wing is a good representation of SBWs currently
under analysis for which such an aeroelastic wind tunnel test may be interesting in the near future.

2.2. Aeroelastic Scaling
In the past, some research has already been performed in (static) aeroelastic scaling for wind tunnel
testing. No research was found in aeroelastic scaling for SBWs specifically, but several researchers
have researched the aeroelastic scaling of conventional cantilever wings and for joined-wings.

This section first gives a brief overview of aeroelasticity in section 2.2.1, in particular static aeroelasticity
equations. Next, the wind tunnel capabilities of the HST wind tunnel are presented in section 2.2.2
and how wind tunnel testing relates to aerodynamic scaling is discussed in section 2.2.3. Finally,
the additional aeroelastic scaling parameters, based on the found research and derivations, will be
presented in section 2.2.4.
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2.2.1. Aeroelasticity
Aeroelasticity is the interaction between the forces due to aerodynamic flow and the behavior of elastic
structures. As mentioned, this thesis focuses on static aeroelastic scaling, this means only elastic and
aerodynamic forces are considered and inertial forces (due to acceleration) are ignored. However,
for the wing to not break in the wind tunnel the dynamic instability boundary mustn’t be crossed, this
phenomenon is known as flutter.

Figure 2.5 shows the relation between the aerodynamic, elastic, and inertial forces and the types of
problems that happen between them. From this triangle we are particularly interested in ’SSA’ the
aeroelastic effects on static stability and ’L’ the load distribution when deformed. At the same time, we
want to keep the wing stable in the wind tunnel, therefore the instability boundaries are important too
and divergence and flutter should not occur during testing conditions.

Figure 2.5: Collar’s Triangle [27, 28]

In section 2.2.1.1, static aeroelasticity is discussed to explain the governing equation of static aeroe-
lasticity needed in this thesis. Next, in section 2.2.1.2, flutter is discussed and it is explained how the
flutter boundary can be computed.

2.2.1.1. Static Aeroelasticity
Static aeroelasticity focuses on the determination of the steady operating condition of an aircraft/wing
while taking structural deformations into account. In this research no control surfaces will be consid-
ered, therefore control effectiveness and reversal are not considered either.

A basic differential equation, as shown in equation (2.2), represents the forces acting in the structure.
Here, Ms, Ks and Cs are the mass, stiffness and damping matrices of the structure [29, 30]. QA is a
matrix of the aerodynamic forces. It follows the structure of the equations of motion of a mass-spring-
damper system but with the structural (left-hand side of the equation) and aerodynamic (right-hand side
of the equation) components separated. The aerodynamic forces depend, in part, on the deformations
of the structure, e.g. if the structure twists the local angle of attack and thus the local lift coefficient
changes.
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The aerodynamic forces are mostly linearly related to the change in angle of attack. However, since
the angle of attack change varies with the span due to the structural deformations this also results in a
non-linearity of the total aerodynamic forces [17, 31]. Also, when shocks are present there is a discon-
tinuity in the pressure distribution causing separation and for high angles of attack separation occurs,
separation also results in a non-linearity in the aerodynamic forces. For the structure the stiffness be-
comes non-linear when significant changes in the initial geometry are present, this is the case for highly
flexible structures, such as a high aspect ratio wing like the one in this research. Material non-linearity
can also occur but this occurs when the material plastically deforms as it reaches its yield strength,
which, due to the wind tunnel constraints on structural strength (see section 2.2.2), will not occur in this
research. Lastly, damping forces can result in structural non-linearities [17], however, since we are
looking at a static response this will not be of interest in this research either.

Msẍ+ Csẋ+Ksx = QA(x) (2.2)

Static: ẍ = ẋ = 0, Ksx = QA(x) (2.3)

For static aeroelasticity, the time derivatives are assumed to be zero. This leaves a seemingly simple
equation and only the stiffness matrix Ks of the structure is needed, equation (2.3). The aerodynamic
forces and the stiffnesses change when the structure is deflected. For small deflections, this can be
assumed to be linear, as the error with the real case would be small. However, for large deflections, the
error would become too large and a linear solution is no longer accurate. It depends on the required
accuracy and the properties of the structure and the forces that act upon it whether geometric non-
linearity is of importance. Typically, a loop is needed to solve a non-linear aeroelastic equation when
the deformations become larger. This loop stops when the forces and deformations (and thus the
internal forces of the structure that withstand the aerodynamic forces) are balanced.

The aerodynamic forces may be computed using a CFD analysis, however, a lower fidelity method
(such as a (higher-order) panel method) is more useful for this research as CFD is computationally
much more expensive and would not be feasible for optimization. Several commercial solvers are
available which could be used in this research to compute the pressure distribution on the wing. A
Doublet Lattice Method (DLM) is included in NASTRAN (an available Finite Element Method (FEM)
solver, see next paragraph), a higher-order version, which has a slightly higher accuracy [30] and
includes wake effects, ZAERO, is available for this research as well.

The structural analysis part can be performed using Finite Element Analysis (FEA). A FEM solver can
find the deformations of a specified structure under a specified load, they work by dividing a structure
into various small elements which makes a complicated computation much easier to solve. Several
commercial FEM solvers exist, for this research NASTRAN is available. The supplied full-scale re-
search model is available in NASTRAN as well, allowing fast integration by using this software.

2.2.1.2. Flutter
Flutter is a dynamic instability that occurs at a certain flight speed. The flutter point is the point where
the damping becomes zero and thus the wing is in a constant state of oscillation. After the flutter point,
the damping is further decreased and becomes amplification, which leads to such high stresses in the
structure that the wing can break. For aircraft, the flutter boundary is a set of points for different flight
and loading conditions. The region within the flutter boundary is known as the flutter envelope, which
must always be ~15% larger than the flight envelope [29].

The flutter point can be computed using several methods, the k-method, pk-method, and p-method are
the most known. The k-method was developed first and uses a fictitious structural damping term to
determine the required value to have a purely harmonic response (as the response is purely harmonic
(only) in the flutter point). This damping term can then be related to the velocity. This method performs
very well for predicting the flutter point but the damping values found close to the flutter point are non-
physical and have no meaning. This means that it is unknown whether velocities just below the flutter
point have a lot or very little damping. For this reason, the pk- and p-method were developed. The
pk-method gives a more accurate representation of the frequency and damping near the flutter point,
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it is however also only exact in the flutter point and deviates when moving away from this point. The p-
method is accurate over the entire range but does not give an exact solution due to increased numerical
errors in the computation method.

When considering the topic of static aeroelasticity the k-method should be sufficient, as it would only
be important that the wind tunnel model does not flutter in the test envelope.

2.2.2. (Aeroelastic) Wind Tunnel Testing
Wind tunnel tests are used to verify aerodynamic research and proposed designs. Although numerical
models have improved greatly over the last decade and CFD analyses are becoming more and more
accurate the validation of new designs and modeling methods is still needed. The type of wind tunnel
that is chosen depends on the type of testing that is required.

Most aeroelastic wind tunnel tests are performed to analyze the flutter behavior, to make sure a design
has sufficient flutter margins. Not many static aeroelastic tests were found in literature. While static
aeroelasticity is often considered while performing flutter tests (as the steady-state has an effect on
flutter), it is often not considered as a topic on its own during testing. For example, Xie et al. validated
a structurally non-linear aeroelastic analysis method with a wind tunnel test [32]. They also compared
this to a linear analysis to show the difference it makes for such a highly flexible structure. Besides
their focus on the dynamic stability analysis, they showed that ’large elastic deformations make the
horizontal bend mode unstable and may decrease the flutter speed’. They showed that the angle of
attack for a non-linear structure has a big effect on the flutter boundary, for this, they also showed the
computed static aeroelastic deformations, as they computed the structural frequencies of the deformed
state. While their non-linear method succeeded in predicting the tip-deformation the model used was
not a scaled model of a full-size research model.

Hooker et al. performed a static aeroelastic wind tunnel test to compare the accuracy of a 1D beam and
3D solid FEM computation method for aeroelastic deformations [33]. The tests were on a typical tran-
sonic low cantilever wing. They found that both models provided a reasonably accurate representation
of the wing twist under load, but the 3D-model performed slightly better. Baker et al., while performing
a dynamic test, did perform static aeroelastic tests as well to see how well their aeroelastic analysis
matched the real case [34]. After creating a wind tunnel model they found the actual stiffness and tor-
sion of the wing by doing structural tests and used these to update their static aeroelastic model. For
the subsonic regime, their computations were close to the actual deformed aerodynamic performance,
but once transonic effects were present their computations were far off. This shows the need for more
research as models for static aeroelastic predictions in the transonic regime are still in development.

For the transonic wing used in this research, it is important to validate the aerodynamic performance
while including deformations. The SBWwill be tested to prove the concept as a fuel-efficient alternative
to traditional cantilever wings. The most important conditions for these tests will be cruise and climbing
performance as these have the largest effect on the fuel efficiency of the aircraft. Various angles of
attack shall be tested to show the performance in climb, this has to be done at various pressures,
reflecting the various altitudes of the full-scale model, ranging from sea level to cruise altitude. During
cruise (at𝑀ፚ = 0.78) shocks may occur due to transonic effects, as the strut has an effect of the overall
aerodynamics of the wing and causes additional drag. The way the shocks form may change due to
the aeroelastic deformations in the wing. Figure 2.3 clearly shows that the interference drag strongly
increases when the Mach number increases, the SBW depicted is different than the research model in
this thesis but is representable to what may happen with the AGILE wing. Because transonic effects
are so important the High Speed Tunnel (HST) of the DNW is chosen as a possible tunnel for future
tests and a reference for this research. This tunnel has a relatively large test section (compared to other
sonic wind tunnels), can be pressurized, and is easily available to the NLR, at which this research takes
place.

2.2.2.1. Tunnel test conditions
DNW’s HST can vary the pressure and the Mach number of the flow, see Table table 2.2. The test
section is 2.0 meters wide of which approximately 70% could be used for the model span without
significant wall interference. The height of the tunnel can vary between 1.6 and 1.8 meter, the smaller
of the two allows for a greater operating envelope (see figure 2.6). Wall interference in this direction
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is not a problem as the total vertical distance (including the strut) is significantly smaller than the total
span.

DNW HST Wind Tunnel Operating Range
min max

Test Section Geometry 2.0m x 1.6m 2.0m x 1.8m
Mach Number 0.15 1.35
Pressure 25kPa 390kPa
Temperature 288K 323K

Table 2.2: DNW HST operating range

The wind tunnel requires a 3.5 safety factor on the strength of the wind tunnel model. The allowable
stress should thus be at least 3.5 times higher than the maximum stress that occurs in any of the tests.

Although the temperature may vary in the wind tunnel when it is operating, the temperature lies within
the range given in table 2.2 and on average is 303𝐾. Figure 2.6 shows the operating envelope of the
HST. As can be seen, not all combinations of wind tunnel pressure and Mach are possible, for example,
for the cruise Mach (𝑀ፚ = 0.78, see section 2.1.3) the maximum pressure that can be achieved in the
wind tunnel is 320𝑘𝑃𝑎 for the 2.0𝑥1.6𝑚ኼ test section and 290𝑘𝑃𝑎 for the 2.0𝑥1.8𝑚ኼ test section.

Figure 2.6: DNW’s HST operating envelope

2.2.3. Aerodynamic Scaling
Aircraft are generally too large to test at full-scale, as wind tunnels can not possibly be made to have
such a large test section while also being able to vary the airspeed and pressure as required. For this
reason, the aircraft are scaled to fit into the available wind tunnels. The downside of this is that the
way the flow interacts on the wing changes and the boundary layer thickness, turbulence, and other
effects such as flow separation, are no longer accurately represented. Luckily aircraft fly the fastest
at high altitudes such that they can benefit from the lower air density and thus experience less drag.
When scaling the wings down the air density should increase to create comparable conditions. At lower
altitudes, aircraft fly slower due to the higher air pressure which increases the drag force, which has
to be compensated by the engines, and the lift force, which increases the forces on the wing and is
limited by the strength of the wings.

To find out exactly what the test flow conditions should be the Reynolds number is needed, see equa-
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tion (2.4). The length ratio is quickly determined from the wind tunnel size after which the flow conditions
should compensate to get the same Reynolds number.

𝑅𝑒 = 𝜌𝑉𝐿
𝜇 (2.4)

For incompressible flow (𝑀ፚ < 0.3) the velocity can be changed freely for testing of aerodynamic
efficiency (as long as the newMach number also stays below 0.3) but for higher flow velocities this is not
the case and the flow conditions should also be such that the Mach number stays the same. The tests
to be performed on the SBW are meant to check the transonic characteristics of the deformed wing, at
these points, flow transition and separation are not a major factor of the aerodynamic properties unless
induced by shocks. This means that matching the Reynolds number will be of lesser importance than
matching the Mach number. The Reynolds number should however be in the same order of magnitude
to give valid results [1].

𝑀ፚ =
𝑉
𝑎 =

𝑉
√𝛾𝑅𝑇

(2.5)

As the Mach number will be known and 𝑅 and 𝛾 are constants the required velocity can be expressed
as a function of temperature by rewriting equation (2.5), which will later be shown in equation (2.10).

The density and the viscosity in the Reynolds number equation can also both be expressed as a function
of pressure and temperature using the ideal gas law and Sutherland’s law, found in equations (2.6)
and (2.7). Here, 𝑆, 𝑇ኺ and 𝜇ኺ are constants. Expressing the equations as functions of Mach, pressure,
and temperature is beneficial as these are parameters that are influenced by the wind tunnel test.

𝜌 = 𝑝
𝑅𝑇 (2.6)

𝜇 = 𝜇ኺ (
𝑇
𝑇ኺ
)
ኽ/ኼ 𝑇ኺ + 𝑆

𝑇 + 𝑆 (2.7)

TheReynolds number can now be expressed as a function of Mach number, pressure, and temperature,
as seen in equation (2.8). While the Mach number should be the same as for the full-scale and the
temperature depends on the operating temperature during testing the pressure can be changed freely
(within the wind tunnel operating range). The pressure can now vary such that they represent the
full-scale Reynolds number as accurately as possible.

𝑅𝑒 =
፩
ፑፓ𝑀ፚ√𝛾𝑅𝑇𝐿

𝜇ኺ (
ፓ
ፓᎲ
)
ኽ/ኼ ፓᎲዄፒ

ፓዄፒ

(2.8)

2.2.4. Aeroelastic Scaling Parameters
Now that aerodynamic scaling is explained in the previous section the additional scaling parameters
for aeroelastic similarity are discussed here.

Wan and Cesnik [35] created a methodology for the aeroelastic scaling of geometrically nonlinear struc-
tures. This was based upon the widely used methodology for geometrically linear structures created by
Bisplinghoff in 1955 [27]. They noted that the main difference for geometrically non-linear structures is
that the stiffness matrix should be updated for the current deformed state, whereas for linear structures
only the load vectors are updated. Bisplinghoff provides seven similarity constraints, between the ref-
erence and scaled wing, with which the load distribution and elastic deformation shape are the same.
These are (further) translated by Wan and Cesnik into more straight forward scaling parameters. They
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define scaling parameters such that only the length, speed, and density ratio need to be determined
and all other scaling parameters can be derived from those.

Ting et al. [36] used a similar approach but scaled the torsion such that is had the same twist over
span rather than the same twist over span percentage. This approach will not be useful for the goal of
this research but the derivations presented in this paper do give a useful insight into where Wan and
Cesnik’s parameters are derived from as the rest of the parameters are scaled in the same way.

Heeg et al. [1] developed static aeroelastic scaling laws for a wind tunnel tests and numerically con-
firmed the accuracy of their scaled design, this was done for a conventional cantilever wing. This
research provides insight into which factors are required for dynamic scaling but can be ignored for
static scaling. They looked into the fact that the stiffness scaling depends on the flight condition scal-
ing, which they called Wind tunnel to Atmospheric Mapping (WAM). If the dynamic pressure q is not
scaled with the same parameter for each flight condition, the stiffness can also not be scaled the same
for each flight condition, which is needed to be able to use only one test model. This research paved
the way for this particular thesis, as the scaling laws needed are presented and confirmed. They noted
that the challenge of static aeroelastic scaling lies with creating a physical model having the particular
elastic properties found by scaling.

As mentioned Wan and Cesnik [35] used tree main ratios to which all others can be related; the length
ratio 𝑘፛, the density ratio 𝑘᎞ and the speed ratio 𝑘ፕ. Essentially the wind tunnel is able to indeed
influence these three ratios but it may be interesting to use 𝑘፛, 𝑘ፌፚ, 𝑘፩ and 𝑘ፓ, the length, Mach,
pressure and temperature ratio, instead, as these are determined by the HST. The length ratio can
best be defined by the span ratio, as the span is generally the limiting factor for the size of wind tunnel
models and is based on the wind tunnel width, this ratio can then be used to scale other geometrical
coordinates. Equation (2.9) shows the relationships between the reference (ref) and wind tunnel (WT)
model. Next, all other scaling parameters can be defined from these four, after these parameters are
defined by wind tunnel size, Mach and (if possible) Reynolds number scaling as in section 2.2.3.

𝑘ፓ =
𝑇ፖፓ
𝑇፫፞፟

𝑘፩ =
𝑝ፖፓ
𝑝፫፞፟

𝑘ፌᑒ =
𝑀ፚᑎᑋ
𝑀ፚᑣᑖᑗ

𝑘፛ =
𝑏ፖፓ
𝑏፫፞፟

(2.9)

The density ratio can be defined by the pressure and temperature ratios via equation (2.6). In the same
manner, the velocity ratio can be defined by the Mach and temperature ratio via equation (2.5). These
ratios can then be defined as in equations (2.10) and (2.11). From the velocity and density ratio, the
dynamic pressure ratio can be determined. Later on, in this section, it is shown that the temperature
ratio will not affect the static deformations since the stiffness scaling only depends on the dynamic
pressure which in turn only depends on the pressure and Mach ratio and the temperature ratio can
be canceled. The temperature does still affect the Reynolds number and therefore on how well the
Reynolds number (equation (2.8)) is scaled for each condition.

𝑉 = 𝑀ፚ√𝛾𝑅𝑇 ⟹ 𝑘ፕ =
𝑉ፖፓ
𝑉፫፞፟

=
𝑀ፚᑎᑋ√𝛾𝑅𝑇ፖፓ
𝑀ፚᑣᑖᑗ√𝛾𝑅𝑇፫፞፟

⟹ 𝑘ፕ =
𝑀ፚᑎᑋ
𝑀ፚᑣᑖᑗ

√𝑇ፖፓ𝑇፫፞፟
= 𝑘ፌᑒ√𝑘ፓ (2.10)

𝜌 = 𝑝
𝑅𝑇 ⟹ 𝑘᎞ =

𝜌ፖፓ
𝜌፫፞፟

=
፩ᑎᑋ
ፑፓᑎᑋ
፩ᑣᑖᑗ
ፑፓᑣᑖᑗ

⟹ 𝑘᎞ =
𝑘፩
𝑘ፓ

(2.11)

𝑞 = 1
2𝜌𝑉

ኼ ⟹ 𝑘፪ = 𝑘᎞𝑘ኼፕ ⟹ 𝑘፪ =
𝑘፩
𝑘ፓ
(𝑘ፌᑒ√𝑘ፓ)

ኼ
= 𝑘፩𝑘ፌᑒ (2.12)

Next, the bending rigidity’s scaling parameter is defined. For this firstly the wing will be assumed to act
as a cantilever beam with a constant distributed force under a small deformation [1]. This simplifies
the problem to derive the scaling factor. Figure 2.7 shows the schematic of this problem. Here there is
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Figure 2.7: Cantilever beam with a distributed load 𝑓

a uniform pressure distribution 𝑓 over the cantilever wing with span 𝑏. 𝐸𝐼 is assumed constant in the
wing as well.

Now the bending deformation of such a beam can be defined by equation (2.13) [1, 37]. All parameters
are non-dimensionalized using 𝐿, 𝜌, 𝑉 and 𝐸𝐼ኺ, resulting in the non-dimensional parameters indicated
with an apostrophe (’). The distributed force is scaled assuming it is a distributed lift force (in this
equation 𝐹ᖣ = 𝐶ፋ, the 3D lift coefficient and 𝑓ᖣ = 𝐶፥, the 2D lift coefficient).

Δ𝑧 = 𝑓
𝐸𝐼 (

𝑦ኾ
24 −

𝑦ኽ𝑏
6 + 𝑦

ኼ𝑏ኼ
4 ) (2.13)

𝐹 = 1
2𝜌𝑉

ኼ𝑆𝐹ᖣ

𝑏 = 𝐿𝑏ᖣ

𝑆 = 𝐿ኼ𝑆ᖣ ⟹ 𝐹 = 1
2𝜌𝑉

ኼ𝐿ኼ𝑆ᖣ𝐹ᖣ (2.14)

𝑓 = 𝐹
𝑏 ⟹ 𝑓 =

ኻ
ኼ𝜌𝑉

ኼ𝑆ᖣ𝐿ኼ𝐹ᖣ

𝐿𝑏ᖣ

𝑓ᖣ = 𝐹ᖣ
𝑏ᖣ ⟹ 𝑓 = 1

2𝜌𝑉
ኼ𝑆ᖣ𝐿𝑓ᖣ

Δ𝑧 = Δ𝑧ᖣ𝐿
𝐸𝐼 = 𝐸ᖣ𝐼ᖣ𝐸𝐼ኺ
𝑦 = 𝑦ᖣ𝐿

Δ𝑧ᖣ𝐿 =
𝑓ᖣ ኻኼ𝜌𝑉

ኼ𝑆ᖣ𝐿
𝐸ᖣ𝐼ᖣ𝐸𝐼ኺ

(𝑦
ᖣኾ𝐿ኾ
24 − 𝑦

ᖣኽ𝑏ᖣ𝐿ኾ
6 + 𝑦

ᖣኼ𝑏ᖣኼ𝐿ኾ
4 )

Δ𝑧ᖣ = (𝜌𝑉
ኼ𝐿ኾ
𝐸𝐼ኺ

)(𝑓
ᖣ𝑆ᖣ
𝐸ᖣ𝐼ᖣ (

𝑦ᖣኾ
24 −

𝑦ᖣኽ𝑏ᖣ
6 + 𝑦

ᖣኼ𝑏ᖣኼ
4 )) (2.15)

Now, as for similarity it is needed that all non-dimensional parameters in equation (2.15) are the same
for the full-scale and scaled version, the similarity parameter for the bending rigidity can be derived as
shown in equation (2.16). As can be seen, the stiffness scaling depends on the scaling of the density
times velocity squared, and thus on the dynamic pressure, the scaling factors between the different
flight conditions thus should be the same to be able to use one scaled model with a certain stiffness
scaling. Heeg et al. first created amapping of the to-be-tested flight conditions and from that determined
a dynamic pressure scaling that was feasible in the chosen wind tunnel for all those conditions. This
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meant that the Reynolds number in some conditions was further off than possible with that wind tunnel
as it depends on the highest Reynolds number test case what the dynamic pressure scaling is [1]. The
temperature scaling factor has no effect on the scaling of the bending stiffness. This is a good thing in
this research, as the temperature scaling will be different for the different flight conditions. As is does
not change in the chosen wind tunnel but does for the full-scale flight at different altitudes.

(𝜌𝑉
ኼ𝐿ኾ
𝐸𝐼ኺ

)
ፖፓ

= (𝜌𝑉
ኼ𝐿ኾ
𝐸𝐼ኺ

)
፫፞፟

𝑘ፄፈ =
(𝐸𝐼ኺ)ፖፓ
(𝐸𝐼ኺ)፫፞፟

⟹ 𝑘ፄፈ = 𝑘᎞𝑘ኼፕ𝑘ኾ፛ = 𝑘፩𝑘ፌᑒ𝑘ኾ፛ (2.16)

The scaling of forces on the wing can be derived from equation (2.14) as the non-dimensional param-
eters 𝑆ᖣ and 𝐹ᖣ are again constant. The force ratio can be found in equation (2.17). This equation can
be used to scale the lift and drag forces acting on the wing.

( 𝐹
ኻ
ኼ𝜌𝑉

ኼ𝐿ኼ
)
ፖፓ

= ( 𝐹
ኻ
ኼ𝜌𝑉

ኼ𝐿ኼ
)
፫፞፟

𝑘ፅ =
𝐹ፖፓ
𝐹፫፞፟

⟹ 𝑘ፅ = 𝑘᎞𝑘ኼፕ𝑘ኼ፛ = 𝑘፩𝑘ፌᑒ𝑘ኼ፛ (2.17)

The aerodynamic moment can be scaled in a similar fashion as is shown in equation (2.18).

𝑀 = 1
2𝜌𝑉

ኼ𝑆𝑐𝐶ፌ ⟹ ( 𝑀
ኻ
ኼ𝜌𝑉

ኼ𝐿ኽ
)
ፖፓ

= ( 𝑀
ኻ
ኼ𝜌𝑉

ኼ𝐿ኽ
)
፫፞፟

𝑘ፌ =
𝑀ፖፓ
𝑀፫፞፟

⟹ 𝑘ፌ = 𝑘᎞𝑘ኼፕ𝑘ኽ፛ = 𝑘፩𝑘ፌᑒ𝑘ኽ፛ (2.18)

Where the force distribution leads to scaling of the bending rigidity the moment distribution leads to
scaling of the torsional rigidity. The wing rotation can be modeled as a beam such as in figure 2.8,
then the equation for the twist angle at position y under torsion𝑀 is given by equation (2.19). The twist
should be the same for the full-scale and wind tunnel model as that will allow for geometric scaling in
all dimensions. The torsional rigidity ratio is found with equation (2.20) [36].

Figure 2.8: Beam under twist, showing the relevant parameters [38]
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Δ𝜙 = 𝑀𝑦
𝐺𝐽 (2.19)

(Δ𝜙)ፖፓ = (Δ𝜙)፫፞፟ ⟹ (𝑀𝑦𝐺𝐽 )ፖፓ
= (𝑀𝑦𝐺𝐽 )፫፞፟

𝑘ፆፉ =
(𝐺𝐽)ፖፓ
(𝐺𝐽)፫፞፟

=
(𝑀𝑦)ፖፓ
(𝑀𝑦)፫፞፟

⟹ 𝑘ፆፉ = 𝑘ፌ𝑘፛ = 𝑘᎞𝑘ኼፕ𝑘ኾ፛ = 𝑘፩𝑘ፌፚ𝑘ኾ፛ (2.20)

Finally, the axial rigidity 𝐸𝐴 can be scaled as well, although less important for the main wing, as axial
deformation is negligible, this will be important for the strut. The extension of a beam can be computed
using equation (2.21) which leads to the axial rigidity ratio found in equation (2.22).

Δ𝑦 = 𝐹𝐿
𝐴𝐸 ⟹ 𝐴𝐸 = 𝐹𝐿

Δ𝑦 (2.21)

𝑘ፀፄ =
(𝐴𝐸)ፖፓ
(𝐴𝐸)፫፞፟

⟹ 𝑘ፀፄ = 𝑘ፅ = 𝑘᎞𝑘ኼፕ𝑘ኼ፛ = 𝑘፩𝑘ፌፚ𝑘ኼ፛ (2.22)

Finally general relations for the stiffness similarity can be defined, see equation (2.23). Stiffness is
defined as 𝜅 = ፅ

᎑ , where 𝐹 is the force and 𝛿 is the resulting deformation.

𝑘᎗ =
𝜅ፖፓ
𝜅፫፞፟

=
(ፅ᎑ )ፖፓ
(ፅ᎑ )፫፞፟

𝑘᎗ =
𝑘ፅ
𝑘፛
= 𝑘᎞𝑘ኼፕ𝑘፛ = 𝑘፩𝑘ፌᑒ𝑘፛ (2.23)

The scaling parameters for bending, torsional en axial rigidity have been derived from simple beam
models with simple load cases, however, the found ratios should be valid for more complex struc-
tures. Care should be taken to use the correct forces and moments as they will not be uniform over a
wing. Also, the stiffnesses will not be uniform over the wing and should, therefore, be scaled for each
discretized section.

While it may be easy to say that the rigidities and stiffnesses can be scaled by a simple factor it does
not that easy to design a structure with those specific rigidities and stiffnesses. What is shown in this
section, though, is that only the pressure, Mach, and length scaling parameters influence the static
deformations. The Mach, dynamic pressure, and Reynolds number have an effect on the aerodynamic
forces, where only the Reynolds number is dependant on the temperature in the wind tunnel.

2.3. Composite Structures and Aeroelastic Tailoring
A wind tunnel model design is almost always very different from the full-scale model design. It will not
always contain the same structural elements (e.g. spars, ribs, stringers) and does not have to be built
from the same type of materials. The wind tunnel model is constraint by the wind tunnel geometry, as
SBW’s have a very large span compared to its wing chord thickness there is very little space left in the
wind tunnel model for internal structures, if any at all. This necessitates the use of a different structural
concept and materials. For this research, it is intended to use a carbon- or glass-fiber composite airfoil
skin with a foam core to prevent buckling. The full-scale reference model contains a wing box type
structure with two spars and several ribs.

Composites have the benefit of creating more design freedom in terms of directional strength and
stiffness, however, this freedom comes at a cost of complexity. Metal design problems can usually be
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reduced to the determination of a single thickness for each section [39]. For composites, it becomes
much more complicated and the number of plies and the fiber orientation should be determined for
each section. This makes the use of optimization techniques essential.

To create a composite model with the required aeroelastic properties aeroelastic tailoring can be used.
Aeroelastic tailoring is defined by Shirk [39] as ”the embodiment of directional stiffness into an aircraft
structural design to control aeroelastic deformation, static or dynamic, in such a fashion as to affect the
aerodynamic and structural performance of that aircraft in a beneficial way”. Especially with the rise of
composites, aeroelastic tailoring became interesting, as using a specific direction of fibers can create
a coupling between bending and torsion. This concept was explored as early as 1949 by Munk [40]
where he used the directions of the grain in wood to tailor propeller blades to deform favorably under
load. Once fiber reinforced composites, mathematical programming methods and computers became
more advanced aeroelastic tailoring matured as well. The fiber reinforced composites in a larger design
space as the direction of the fibers is added. The mathematical programming advancements made it
much easier for designers to consider multiple design options for composite wings.

For this research, aeroelastic tailoring is intended to be used to create a certain static aeroelastic
behavior. In contrast to earlier work where aeroelastic tailoring is most widely used for the optimization
of the (wing) weight [39, 41, 42] or to increase the flutter speed to acceptable values [20, 43].

This section starts with a general review of composite laminates which is followed by section 2.3.2
which discusses the two main ways of expressing a laminate. As a Stacking Sequence (SS) or as
Lamination Parameters (LP), the latter is discussed further as it is found useful in optimization. The
constraints on the lamination parameters are also further discussed.

2.3.1. Laminate Types and Behaviour
For production purposes not all laminates are possible. Often laminates consist of only one type of ply
with one single thickness. These plies are unidirectional (all fibers in the same direction) or fabric plies
(woven plies with 2 perpendicular directions). The combination of the plies can be described with a
stacking sequence, where the angles of the plies are described with respect to one reference direction
for the plate. In many cases laminates are symmetrical around the mid-plane, having the same types
of plies at the top and the bottom. Balanced laminates are laminates that have a −𝜃 ply for each 𝜃 ply.
Quasi-isotropic laminates are laminates that have a similar stiffness in each direction, this is achieved
by using a stacking sequence where there is no direction that has more plies than another by dividing
the 180-degree range of directions by the number of plies [44].

Having an unbalanced and/or asymmetrical laminate can help attain certain torsion/bending coupling
properties, however, for production purposes having an asymmetrical laminate can leave residual
stresses in the material or result in torsion and/or bending of the unloaded structure respectively due
to thermal effects. Therefore most laminates are symmetrical laminates, which decouples membrane
stresses (in-plane) from bending stresses (out of plane) and stretching from shearing deformations [44].

While a lot of production methods require the composite part to go into an oven to cure, the facilities
at the NLR are capable of curing the laminate at room (or low) temperature [45]. This means that
symmetrical laminates may be possible, however, a symmetrical laminate is still preferred as the wind
tunnel’s temperature rise may be significant enough to still induce some thermal effects. Unbalanced
laminates should not be a problem for the intended purpose [45] as the thermal effects on the structure
are less significant. Using only -45/0/45/90 plies is an often-used design rule and will limit the design
space. Delamination occurs faster if many of the same plies are used after each other and if the angle
between two layers is high, it is therefore recommended to use -45/45 layers in between 0/90 and vice
versa and to not have more than ~3 layers of the same angle after each other[45, 46]. Also, some
plies (~10%) should be present for each of the four directions even if they are not needed for the load
cases, to supply sufficient strength around holes and for physical movement of the part in preparation
for testing [45, 46].

Since the wing will have a varying cross-section and an unequal load distribution the laminates will differ
throughout the wing. The different sections have to be blended such that they can be manufactured
and to minimize stress concentrations. A laminate can be blended in several ways, traditionally the two
main types were inward and outward blending, which can be seen in figure 2.9.
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Figure 2.9: Inward and outward blending [47]

Adams et al. [48] simplified blending problems by using a guide based approach where the thinner
laminates are obtained by deleting plies from a thicker stack, thus ensuring continuity. Van Campen
et al. [47] suggested using ’generalized blending’ which could be used for such guide-based blending
approaches while not being as restrictive as using only inward and outward blending. According to van
Campen et al. ’two adjacent panels are completely blended if all the layers from the thinner panel con-
tinue in the thicker panel, regardless of their position along the thickness of the laminate’, an example
of this ’generalized blending’ is shown in figure 2.10.

Figure 2.10: a) inward blending; b) generalized blending [47]

To counteract stress concentrations it is important to drop plies one by one over a short range rather
than an instant drop of all required plies at the panel transition, as was shown in both figures [45]. As
the implications of these are small this step is generally not incorporated in the initial designs and only
considered for a final optimized laminate. Dropping a very large number of plies between two panels,
however, increases the dissimilarity between the analyzed and actual case as the required dropping
distance increases.

2.3.2. Composite Design Optimization
Designing a composite structure is not as simple as designing a metal structure and most software
is used to design a composite structure of sufficient strength rather than for a certain stiffness. This
makes it much harder to use the standard methods of composite design. While optimization can be
useful to find the best number of plies for a certain region, to get the correct bending and torsion under
load, it may need a decent estimate for the starting point, which provides a challenge.

It is possible to describe the composite structure in different ways. The most obvious is the material,
the number of layers, and the direction of each ply. It is also possible to describe a laminate with
lamination parameters [44, 49], which could make the optimization process easier as it could make
the optimization continuous. The lamination parameters only have a specific feasible region as they
depend on the other lamination parameters [50, 51], this feasible region for the lamination parameters
can be implemented into the optimization as constraints.

Guo et al. [43] optimized a wing for aeroelastic characteristics and for weight where the plies were the
input of the optimization whereas Kameyama and Fukunaga [52] used lamination parameters. The first
would give the outcome immediately after finding a solution but, if the number of layers in the laminate
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can vary, it would be difficult to solve. This is due to a changing number of design variables resulting in
the orientations changing completely as well, creating a discontinuous problem. The latter is preferred
for optimizing if the number of plies can vary throughout the optimization, but the lamination parameters
would have to be translated to the actual laminate lay-up afterward as an additional step.

Lamination parameters are also useful as they create a convex design space [53], a useful property
for gradient-based optimizers. The type of laminate (symmetrical, balanced, cross-ply, restrictions
in ply angles, etc.) can result in a smaller number of lamination parameters. E.g. for a symmetrical
laminate the coupling between in-plane stresses and curvature can be ignored. Not all laminates can be
produced with every production method. The high temperatures needed for some production methods
can lead to pre-stresses and deformations in unsymmetrical laminates.

Once optimal lamination parameters are found this does not mean a laminate with those exact proper-
ties may be produced, especially not when restricting the ply-angle options and when there are multiple
regions in a structure with different optima. The second can be aided by added blending-constraints,
which ensure generalized blending in the lamination parameter space.

Also getting back a stacking sequence that actually has those lamination parameters, is not a simple
task. Multi-step optimizations are necessary. After finding an optimum in the continuous lamination
parameter space a second, mixed-integer optimization has to be performed to find a stacking sequence
that has those lamination parameters.

2.3.2.1. Laminate Optimization Methods
There are various methods to optimize a function, however, not all of them give the same results.
As was briefly introduced in, lamination parameters are useful because they result in a continuous
optimization problem, this means that gradient-based solvers can be used to find an optimum. When
using the ply-angles a more complex optimization would be needed, as the number of layers, and thus
ply-angle variables, depend on the number of layers. Also, this optimization would only be possible by
using optimizers that can optimize discreet problems.

Guo et al. [43] compared a Genetic Algorithm (GA) to a Gradient-Based Determinisic (GD) optimizer
while using ply-angles. He concluded that while the GD performed better for some initial designs the
GA performed better overall. Georgiou et al. [54] compared various biology-inspired optimizers (such
as GA) and compared them on a simplified version of this problem (simple box wing with 6-ply laminate
where the ply orientation was optimized). The Particle Swarm Optimization (PSO) gave good results
but the Bacterial Foraging Optimization (BFO) solutions showed great robustness.

When using lamination parameters most researchers have used gradient-based optimizers [52, 55, 56].
Kameyama and Fukunaga also achieved good results with a GA-solver [52], but favored this only
because they wanted to study the discontinuity of flutter speed due to switching in flutter mode. Using
a gradient-based solver is thus regarded as most favorable when using lamination parameters.

The downside of using lamination parameters is that the found optimummay not be a possible laminate
as the stacking sequence is still unknown. A second optimization can find an optimal stacking sequence
for the found lamination parameters. The final objective value might change slightly due to this. But the
much faster convergence when using lamination parameters compared to using a stacking sequence
in the first place makes this favorable.

2.3.2.2. Lamination Parameters
Using Classical Laminated Plate Theory (CLPT) it is possible to define an ABD matrix, as in equa-
tion (2.24), that connects the in-plane loads and out-of-plane moments on a laminated plate to the
mid-plane strains and plate curvature. Here, N are the in-plane stress resultants andM are the out-of-
plane moments. A,B and D are the in-plane, coupling and out-of-plane stiffnesses respectively, 𝝐 and
𝜿 are the mid-plain strains and plate curvatures. CLPT uses several assumptions for the laminate and
plies, these can be found in literature [44, 57].

[NM] = [
A B
B D] [

𝝐
𝜿] (2.24)
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For symmetric laminates, the B-matrix is zero and the equations can be simplified. Using lamination
parameters, as introduced by Tsai and Hahn [57], the in-plane and out-of-plane stiffness tensors can
be defined 𝜉[ፀ,ፁ,ፃ][ኻ,ኼ,ኽ,ኾ] as in equations (2.25) to (2.31) [50, 51, 57]. This makes it possible to only use a
small set of continuous parameters to describe a laminate. For the use of lamination parameters, the
different plies need to be of the same material, as otherwise the Q’s from equation (2.32) would not be
the same.

⎡
⎢
⎢
⎢
⎢
⎣

𝐴ኻኻ
𝐴ኼኼ
𝐴ኻኼ
𝐴ዀዀ
𝐴ኻዀ
𝐴ኼዀ

⎤
⎥
⎥
⎥
⎥
⎦

= ℎ

⎡
⎢
⎢
⎢
⎢
⎢
⎣

1 𝜉ፀኻ 𝜉ፀኼ 0 0
1 −𝜉ፀኻ 𝜉ፀኼ 0 0
0 0 −𝜉ፀኼ 1 0
0 0 −𝜉ፀኼ 0 1
0 ኻ

ኼ𝜉
ፀ
ኽ 𝜉ፀኾ 0 0

0 ኻ
ኼ𝜉
ፀ
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⎥
⎥
⎥
⎥
⎦

⎡
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⎢
⎢
⎣

𝑈ኻ
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𝑈ኽ
𝑈ኾ
𝑈኿

⎤
⎥
⎥
⎥
⎦
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0 ኻ
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1 𝜉ፃኻ 𝜉ፃኼ 0 0
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0 0 −𝜉ፃኼ 0 1
0 ኻ

ኼ𝜉
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𝜉ፀ[ኻ,ኼ,ኽ,ኾ] =
1
2 ∫

ኻ

ዅኻ
[𝑐𝑜𝑠(2𝜃(𝑧̄)), 𝑐𝑜𝑠(4𝜃(𝑧̄)), 𝑠𝑖𝑛(2𝜃(𝑧̄)), 𝑠𝑖𝑛(4𝜃(𝑧̄))] 𝑑𝑧̄ (2.29)

𝜉ፁ[ኻ,ኼ,ኽ,ኾ] =∫
ኻ

ዅኻ
[𝑐𝑜𝑠(2𝜃(𝑧̄)), 𝑐𝑜𝑠(4𝜃(𝑧̄)), 𝑠𝑖𝑛(2𝜃(𝑧̄)), 𝑠𝑖𝑛(4𝜃(𝑧̄))] 𝑧̄𝑑𝑧̄ (2.30)

𝜉ፃ[ኻ,ኼ,ኽ,ኾ] =
3
2 ∫

ኻ

ዅኻ
[𝑐𝑜𝑠(2𝜃(𝑧̄)), 𝑐𝑜𝑠(4𝜃(𝑧̄)), 𝑠𝑖𝑛(2𝜃(𝑧̄)), 𝑠𝑖𝑛(4𝜃(𝑧̄))] 𝑧̄ኼ𝑑𝑧̄ (2.31)

where the z-location is normalized with the thickness: 𝑧̄ = 2𝑧
ℎ

The reduced stiffnesses, which are material properties of a single unidirectional ply are given by equa-
tion (2.32). The integration shown in equations (2.29) and (2.31) can, in practice, be replaced by a
summation, Bloomfelt et al. have shown this summation and its meaning to the feasible region, dis-
cussed in the next section, when optimizing with lamination parameters [51].
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𝑄ኻኻ =
𝐸ኼኻኻ

𝐸ኻኻ − 𝐸ኼኼ𝜈ኼኻኼ
𝑄ኼኼ =

𝐸ኻኻ𝐸ኼኼ
𝐸ኻኻ − 𝐸ኼኼ𝜈ኼኻኼ

𝑄ኻኼ =𝜈ኻኼ𝑄ኼኼ
𝑄ዀዀ =𝐺ኻኼ

⎫
⎪
⎪

⎬
⎪
⎪
⎭

(2.32)

Lamination parameters allow the definition of a laminate using only 13 parameters: 𝜉[ፀ,ፁ,ፃ][ኻ,ኼ,ኽ,ኾ] and the
thickness of the laminate ℎ. For a symmetrical laminate, this can be reduced, the stress-strain rela-
tions are defined by only 9 variables, 𝜉[ፀ,ፃ][ኻ,ኼ,ኽ,ኾ], and the thickness of the laminate ℎ, for each defined
section. Although this may still be a lot of parameters, they are continuous and it has been proven by
Grenestedt and Gudmundson that the feasible region is convex [53], a useful property in optimization,
as a found local minimum is also a global minimum if both the feasible region and the objective function
are convex2. For balanced laminates 𝜉ፀ[ኽ,ኾ] = 0, as the angle pairs cancel out each other in the sine
functions. When using only -45/0/45/90 plies 𝜉ፀ,ፁ,ፃ[ኾ] = 0, since the 𝑠𝑖𝑛(4𝜃) function is then always zero,
which can reduce the number of variables also [58].

2.3.2.3. Constraints on lamination parameters
Although the lamination parameters are continuous they are not independent, as they are a function
of the lay-up function 𝜃(𝑧̄). The interrelations between the parameters are given by equations (2.33)
to (2.35) [50, 51, 53, 59], which are the relations within either the in-plane or out-of-plane parameters.
There also exists a relation between the in and out of plane parameters for orthotropic symmetric
laminates, this feasible region is given by equations (2.36) and (2.37) [53]. For an optimization problem,
these equations will be the non-linear constraints that can be applied to the design variables. For
non-symmetrical laminates with only -45/0/45/90 plies the many added constraints for the coupling
parameters were described by Diaconu and Sekine [58] and these may be found there if needed in
future research.

2 (𝜉[ፀ,ፃ]ኻ )
ኼ
− 1 − 𝜉[ፀ,ፃ]ኼ ≤ 0

(2.33)

(𝜉[ፀ,ፃ]ኻ )
ኼ
+ (𝜉[ፀ,ፃ]ኽ )

ኼ
− 1 ≤ 0

(2.34)

2 (1 + 𝜉[ፀ,ፃ]ኼ ) (𝜉[ፀ,ፃ]ኽ )
ኼ
− 4𝜉[ፀ,ፃ]ኻ 𝜉[ፀ,ፃ]ኽ 𝜉[ፀ,ፃ]ኾ + (𝜉[ፀ,ፃ]ኾ )

ኼ
− (𝜉[ፀ,ፃ]ኼ − 2(𝜉[ፀ,ፃ]ኻ )

ኼ
+ 1) (1 − 𝜉[ፀ,ፃ]ኼ ) ≤ 0

(2.35)
1
4 (𝜉

ፀ
ኻ,ኼ,ኽ,ኾ + 1)

ኽ − 1 − 𝜉ፃ[ኻ,ኼ,ኽ,ኾ] ≤ 0
(2.36)

𝜉ፃ[ኻ,ኼ,ኽ,ኾ] −
1
4 (𝜉

ፀ
ኻ,ኼ,ኽ,ኾ − 1)

ኽ − 1 ≤ 0
(2.37)

With the parameters above a feasible laminate is ensured. However, when a composite part is locally
optimized to respond to the load distribution structural continuity should be ensured to make the design
manufactureable [60]. Blending rules can be applied in the stacking sequence retrieval step but it was
found by Macquart et al. that Stacking Sequence Retrieval (SSR) is much more likely to find a close
2The objective function is not necessarily convex in this thesis
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equivalent in the fiber angle space if blending constraints are added in the lamination parameter design
space [61, 62].

The blending constraints between two panels were derived by subtracting the equation of the thicker
laminate by the thinner laminate. A general equation was derived for symmetrical laminates which re-
lates the maximum Euclidean distance between two lamination parameter vectors to a single equation,
equation (2.38).

(𝐸ፀ,ፃ፤ (ፍ)→(ፍዅፗ))
ኼ
− 𝑓፤ (𝜃፣ , 𝜃።)

⎡
⎢
⎢
⎢
⎣

(ፗፍ)
ኼ
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+4(9 ( ፗኼፍ)
ኼ
− 36 ( ፗኼፍ)

ኽ
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ኾ
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኿
+ 16 ( ፗኼፍ)

ዀ
)
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⎤
⎥
⎥
⎥
⎦

≤0 (2.38)

This generalized equation relates the in-plane (A) to the out-of-plane (D) lamination parameters. When
only relating one of the two the under-braced sections of either in-plane or out-of-plane that are valid
are active. In this equation, the Euclidean distance (𝐸) is related to the difference in number of plies (𝑋)
and number of plies of the thickest of the two laminate panels (𝑁). The equation 𝑓፤ (𝜃፣ , 𝜃።) is deduced
from the cosines and sines in equations (2.29) and (2.31) and was shown by Macquart et al. to lead
to 3 maxima, each valid for a specific combination of 𝑘, as shown in table 2.3. Since both 𝑋 and 𝑁
are only used as fractions of each other these can be replaced by the difference in thickness and the
thickness of the thickest of the two laminate panels, resulting in the continuous equations needed.

Values of 𝑘 max
᎕ᑛ ,᎕ᑚ

𝑓፤ (𝜃፣ , 𝜃።)

1 or 2 or 3 or 4 or 12 or 34 4
13 or 23 5.1443

14 or 24 or 123 or 124 or
134 or 234 or 1234 6.25

Table 2.3: Maximum values of 𝑓ᑜ (𝜃ᑛ, 𝜃ᑚ) for combinations of k. Adapted from [60]

It has to be noted that the shown blending constraints are conservative since they assume a ply-drop
that gives the biggest impact on the new lamination parameter (90degree angles).

2.3.2.4. Strength constraints
Since lamination parameters are used it is not easy to determine the strength of the laminate, especially
since the actual layup of the laminate is unknown and required for the standard methods to determine
the strength of a composite. Since stresses will be unknown due to this the only way to incorporate
strength constraints is to use the strain in the laminate. The failure strain, together with a safety factor
can be used to impose a strength constrain on the optimization. The downside of this constrain is that
the FEM analysis within the optimization is needed to find the strains present in the current design. The
maximum strain for each panel (𝑚𝑎𝑥(𝜖።)) should be lower than the failure strain (𝜖፦ፚ፱) divided by the
safety factor (𝑆𝐹), equation (2.39).

𝑚𝑎𝑥(𝜖።) −
𝜖፦ፚ፱
𝑆𝐹 ≤ 0 (2.39)

The safety factor may need to be higher than the final required structural safety factor since the stacking
sequence retrieval step results in a slightly different laminate which may reduce the final safety factor.

2.3.2.5. Stacking Sequence Retrieval
When using lamination parameters it is necessary to retrieve a stacking sequence that matches these
parameters as closely as possible.
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The stacking sequence retrieval is the last step in the multi-step optimization approach and it is a
discreet optimization using ply-angles as design variables. Generally, the number of plies is set or
heavily restricted in this stage and several manufacturing constraints can be enforced.

Several open-source tools are available to do this that have shown to give good results. Two examples
of these are optiBless, a Matlab-based tool and pyTLO a recently (2019) developed python-based tool.
Both use a genetic algorithm and use stacking sequence tables (SST) to find valid designs [62, 63].
Stacking sequence tables are often used as they guarantee that if a laminate is chosen from this table
a manufacturable blended composite is found [64].

Both pyTLO and OptiBless work by additive SST creation, using the thinnest panel as the guide and
adding plies, this showed a faster generation of feasible designs [63]. Then from the created SST, a
blended composite design is created and the lamination parameters found can be compared to the
required lamination parameters.

Several manufacturing constraints are added, besides the blending constraints already mentioned.
Manufacturing constraints such as the 10% rule, where the laminate should contain at least 10% of
plies in all of the 4 primary directions (-45/0/45/90). Ply contiguity, where plies with equal orientation
should not be used over x-times in a row3. Disorientation, which means that two consecutive plies
should not vary more than 45∘. For detailed explanations of all applicable constraints and the methods
used the reader is referred to the stacking sequence retrieval tools [62, 63]

3this was earlier mentioned to be 3 plies for the design rules used [45]
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Research Objective, Questions, and

Methodology

The aim for this thesis was to develop and assess an optimization framework capable of designing a
static aeroelastically scaled wind tunnel test model by writing an optimization routine that computes
the structural characteristics of a composite shell model, such that they represent the scaled static
aeroelastic characteristics of the reference wing within its flight envelope, while incorporating safety
constraints. This thesis also aims to consider the non-conventional strut-braced wing design to look into
the possible complications or added constraints associated with such a design. The literature review
from the previous chapter has shown that relatively simple scaling parameters exist to get aeroelastic
similarity. These, however, only scale the overall elastic properties. Finding a structural design which
has those properties is the next step. This chapter will discuss the methodology used in the optimization
framework developed for this thesis in section 3.2. Before doing so section 3.1 will discuss the research
questions this thesis aims to answer with the development of the optimization framework.

3.1. Research Questions
To reach the research objective, the main research question is defined as:

How can a composite laminate of a wind tunnel model be optimized such that the model’s
static aeroelastic characteristics represent those of the full-scale reference model for var-
ious loading conditions, in order to validate the aerodynamic performance in transonic
flight including the elastic shape variations?

Solving this research question and acting on the found answer reaches the research objective. How-
ever, it is a difficult question to answer directly. Therefore, several sub-questions were defined:

1. What are the implications of analyzing/designing a Strut-BracedWing compared to a conventional
cantilever wing?

2. How can a wing be aeroelastically scaled?

(a) What are the applicable aeroelastic scaling laws?

(b) What is the effect of the chosen wind tunnel on the scaling of the model?

3. How can a composite wing be optimized for a specific deflection and twist?

(a) How can a composite wing be paremeterized for optimization?

(b) What are suitable optimization methods for composite optimization?

(c) Which constraints are required for composite optimization and how can these be parame-
terized?

23
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Some of these questions can be partially answered using the literature review of the previous chapter.
These answers were provided below and the gaps still unknown are used to set up the steps of this
thesis in the next section.

1) The literature review has shown that the aeroelasticity methodology itself will not change when
analzsing/designing a SBW. The relations do becomemore complex as there is a strut/wing interaction,
leading to an extra constraint with the strut and aerodynamic interference effects near the wing-strut
joint. The effects of the strut on the chosen optimization method for a composite shell still need to be
analyzed within the thesis.

2a) The scaling parameters, shown by equations (2.9) to (2.11), (2.16) to (2.18), (2.20), (2.22) and (2.23),
can be used to scale the model for static aeroelastic behavior. It is important that the model is scaled
with a constant dynamic pressure for each flight/test condition. The stiffness of the model and the
forces acting upon it can be scaled using scaling factors, which can be used for numerical verifica-
tion of aeroelastic models. Physical testing will, however, still need a structural design optimized to
have those properties. The scaling laws imply that if a proper match is found the aeroelastic properties
are correct for all loading conditions. The error in multiple loading conditions should, however, still be
considered when evaluating the optimization framework.

2b) The wind tunnel size and test condition range can be used to determine the scaling parameters
𝑘፛ , 𝑘ፌᑒ , 𝑘ፓ , 𝑘፩. Matching the Mach number is more important than matching the Reynolds number in
this research as the final tests will be transonic aerodynamic tests, therefore 𝑘ፌᑒ = 1 and the Reynolds
number should be in the same order of magnitude for similarity. The Reynolds number cannot be
matched by the HST wind tunnel. It should be verified in this thesis if the scaling factors may be used
for this different Reynolds number. The flight conditions that are of interest can be mapped to possible
wind tunnel conditions using WAM by defining a range of possible pressure scaling values.

3a/b) Composite laminates can either be expressed in the number of layers and each respective angle
or be expressed in lamination parameters which express the laminate’s properties in a constant number
of variables. Literature has shown that lamination parameters are useful during optimization. The
design space created is continuous. Gradient-based solvers are generally much faster in finding an
optimum than stochastic search methods such as a genetic algorithm. The downside is that a feasible
existing laminate should still be retrieved after the continuous optimization in the lamination parameter
space. Making use of this bi-step optimization approach is evaluated in this thesis. The stacking
sequence retrieval step likely causes a deviation from the found optimum. The implications of these
should be evaluated in this thesis. For the FEM analysis, the wing has to be discretized into sections.
A basic convergence study can be used to define the proper amount of elements in the FEM analysis.

3c) The optimal design should adhere to the wind tunnel safety factor. The composite optimization
should also constrain the found laminate according to several production rules, they should for ex-
ample ensure blending between different laminate panels. When additionally enforcing the blending
constraints in the lamination parameter space, it was shown that it is easier to find an optimum [61]. The
lamination parameters are interrelated and constraints should be applied to the lamination parameter
design space. These constraints should be integrated into the framework.

3.2. Research Plan
A general overview of the items required for the optimization framework can be seen in figure 3.1.
This overview was used during development of the optimization framework to indicate the seperate
functions. This general program overview also serves as a guideline for the research plan. Detailed
diagrams, including a legend, that elaborate on some of the steps can be found in appendix B.

Firstly, the scaling factors should be determined for the combination of wing and wind tunnel used.
Representative test conditions will have to be determined for which the wind tunnel model should match
the reference wing. The effect of Reynolds number dissimilarity should be evaluated, as this determines
whether the scaling laws are valid.

Next, the objective deformations should be determined by performing the full-scale aeroelastic analysis.
The found scaling factors can then be used to set the scaled objective deformations and to determine
the scaled forces on the wing. The full-scale model and the scaling factors could be used to numerically
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Figure 3.1: General overview of the steps performed in the thesis

verify the aeroelastic model used by using a beam model with scaled elastic properties. A single angle
of attack is used for the objective of the optimization since a found design with well matching aeroelastic
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properties will match for all points. This angle needs to be the highest angle required in testing, as this
is the limiting angle for the strength requirements.

The next step is to develop the optimization framework. This consists of two steps. Firstly, setting up the
parameterized structural model. Secondly defining the optimization problem. For the structural model,
the used mesh should be verified for convergence. When setting up the optimization problem, not only
an objective function should be set up but also the constraints of the model and the bounds of the
design space (lower and upper limits for the optimization) should be determined. Since an aeroelastic
analysis is computationally more much expensive than a static FEM analysis, it was chosen to use the
latter. It was also chosen to use linear methods rather than non-linear methods for this same reason.
If a well-matching structure is designed the results should be the same, as the literature review has
shown, even when the used analysis in the optimization is less accurate this is true. Deviations from the
objective may propagate in the aeroelastic deformations which may increase the error in this step. How
large these deviations are is something to investigate from the results generated by the framework.

After this, the optimization framework is ran for varying conditionsm, the found results are analyzed,
and the chosen methodology is evaluated. The chosen optimization methodology (from the previous
paragraph) assumes that a reasonable match is found, in which case using a linear static analysis, with
the scaled forces from the objective wing, would be valid. It should thus be verified if the found optimal
designs are close enough for this methodology to be used. Additionally, the differences between the
cantilever and strut-braced wing will be evaluated.

Finally, the applicability of the developed optimization framework can be determined by analyzing the
similarity of the wind tunnel and reference models for the entire flight envelope.

3.3. Limitations
The research plan has several limitations. Firstly, the intended designs are meant to be initial designs,
therefore ignoring attachments and testing equipment that may be added to the wind tunnel model.
The found initial design is intended to show applicability to the problem and, if so, can be used to
determine the sizing and placements of additional elements. A design iteration will be needed in which
the stiffnesses of these additional elements are taken into account before a wing can be built for wind
tunnel testing. The framework does not check if the scaled wing does not flutter, this will have to be
checked in the final design step. While it is not important for static scaling that the dynamic properties
are the same it is still important that the wind tunnel model meets the safety requirements of the wind
tunnel.

This framework is specifically developed for composite shell wind tunnel models with a foam core.
Other types of wind tunnels models exist but are not evaluated in this thesis.

If a wind tunnel model design with proper stiffness similarity is not found by the lamination parameter
optimizer the aeroelastic result may suffer even more, as the assumption that static and aeroelastic
results are the same for a well matching model are no longer true. The same goes for using a single
angle of attack’s deformation and forces for the objective rather than performing a multi-objective op-
timization. If the found optimum has properly scaled elastic properties the other angles of attack will
also show proper similarity but deviations may propagate.

Since lower fidelity tools are used in the optimization framework the actual aerodynamic resultants
in the wind tunnel during testing may be different. This should have little effect on the optimization
framework as the full-scale’s objective is determined with the same fidelity. It should however be taken
into account when looking at the aerodynamic results found by these lower fidelity tools.

The lamination parameters are restricted to symmetrical laminates and to only using -45, 0, 45, and 90
plies to reduce complexity and the number of design variables.
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Test Conditions and Scaling Factors

As mentioned in the literature review, the scaling parameters should be chosen such that the static
aeroelastic characteristics of the full-scale and wind tunnel model can bematched throughout the whole
test envelope. Since this is an initial research program, exact flight envelope ranges are still unknown.
Therefore, it is of importance to review a reasonable testing range to show the full possibilities of the
research.

This chapter shows the method for defining the scaling parameters for the use case, the H2020 AGILE
SBW. The conventional design, used as a comparison case, is a cantilever version of this wing, with
the same span and flight conditions, therefore the scaling factors will be the same for this wing. In
section 4.1 the range of possible scaling factors for the SBW in the HST wind tunnel are shown. Since
section 4.1 shows it is impossible to match both the Mach number and Reynolds number perfectly
in the HST tunnel for this wing, section 4.2 shows the CFD results of the SBW for the two different
Reynolds numbers to show the effects of this mismatch on the aerodynamics. Finally, in section 4.3 a
set of factors is chosen that lies within this range that will be used for the rest of this thesis.

4.1. Scaling Factors for H2020 AGILE Wing in HST
To show the benefits of the conceptual design in terms of aerodynamic efficiency, it is of interest how the
wing acts in climb as well as during cruise. Several angle of attack values should thus be considered
and the deformations should match for each of these. Also, several flight levels should be considered.
The lower the altitude the higher the air pressure and thus the higher the dynamic pressure will be for
a given Mach number. However, the Mach number at which the aircraft flies is restricted by the flight
maneuvering envelope, and these velocities restrict a lower Mach number at lower altitudes. The next
subsection will go into this flight maneuvering envelope for the H2020 AGILE SBW specifically. After
the flight envelope is determined the scaling factors can be determined by using the wind tunnel testing
ranges.

4.1.1. Flight Envelope
A full flight envelope for this research aircraft is not available but cruise and dive speeds were set at
Mach = 0.78 and Mach = 0.89, respectively [2]. During this thesis, it is assumed that throughout climb,
the aircraft flies at a similar cruise Equivalent Airspeed (EAS), 𝑉ፂ. While actual climb speeds may differ
this value will be of similar magnitude and should thus provide representative test cases.

Figure 4.1 shows the flight envelope as defined by the CS-25 regulations. The aircraft would be certified
to fly at speeds up to 𝑉ፃ, the dive Mach number, but in normal operation would fly at speeds close to 𝑉ፂ,
which is of interest for this research pertaining to the performance of the SBW. The EAS is determined
as in equation (4.1), where TAS stands for True Airspeed. The EAS of an aircraft flying at 0.78 Mach
at 11000m altitude is 244kt, which is used as a reference for all the flight levels. If the EAS is the same
the dynamic pressure is the same.

27
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Figure 4.1: CS-25 Flight Maneuvering Envelope [65] Figure 4.2: True Airspeed and Mach variation for con-
stant Equivalent Airspeed

𝐸𝐴𝑆 = 𝑇𝐴𝑆√
𝜌
𝜌ኺ

(4.1)

The TAS is thus different for each flight altitude and, together with the density from the ISA, can be
converted to a Mach number, which for cruise altitude is 0.78, but at sea level is only ~0.4. This
difference in Mach number can lead to aerodynamic differences which may lead to differences in the
forces on the wing but since the dynamic pressure does not vary much throughout climb the loads
are of similar proportions. Figure 4.2 shows the variation of the TAS and Mach number for different
altitudes, while the EAS remains constant.

Finally, the test envelope will be the scaled equivalent of the flight envelope during climb. Within this
thesis, this results in Mach numbers between ~0.4 and ~0.8 from sea level to ICA, and angles of attack
between ~-2.5 to ~7.5 degrees, which gives a broad spectrum of angles.

4.1.2. Scaling Factors
Using the equations in section 2.2, all other relevant scaling parameters can be derived from 4 scaling
parameters that may be varied: 𝑘ፓ , 𝑘፩, 𝑘ፌፚ and 𝑘፛.
As a start, 𝑘ፌፚ = 1, since the Mach number should be the same in the test as in the flight conditions
to be able to see the transonic effects properly.

The length scaling factor, 𝑘፛, can be determined by scaling the semi-span of the wing (𝑏፫፞፟) to fit into
the wind tunnel test section. The wind tunnel section is 2m wide, of which, according to the DNW,
approximately 70% may be used without creating large wall interference effects1. 𝑘፛ can thus be
determined as in equation (4.2).

𝑏ፖፓ = 𝑦ፖፓዅ፭፞፬፭፬፞፜፭።፨፧ ⋅ 70% = 1.4𝑚
𝑏፫፞፟ = 18𝑚

} ⟹ 𝑘፛ =
𝑏ፖፓ
𝑏፫፞፟

= 0.077̄ (4.2)

𝑘ፓ, the temperature scaling parameter, is determined by the operating temperature of the wind tunnel,
which varies between 288 − 323𝐾. Within this research the value from figure 2.6, 𝑇ኺ = 303𝐾, will
be used as a reference. Since the forces on and the stiffness of the structure do not depend on the
temperature, this parameter has no influence on the consistency of static scaling throughout the flight
envelope. This is a good thing, as the temperature is different throughout different flight conditions (as
1this statement was given by DNW experts that work with the HST wind tunnel, for spans up to 70% wall correction factors can
be applied with relative certainty.
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Figure 4.3: Left: Temperature in flight and in the wind tunnel. Right: 𝑘ᑋ variation

it varies with altitude) but cannot be varied similarly for the wind tunnel test conditions. Thus, 𝑘ፓ is not a
constant value throughout the test envelope. Figure 4.3 shows this effect. The temperature may not be
exactly 303𝐾 during actual testing conditions, the Reynolds numbers during the tests may, therefore,
be (very slightly) different than the ones shown in this report.

The last scaling factor, 𝑘፩, can be varied by the HST and is the most important factor for static aeroe-
lastic scaling as it is directly proportionate to the scaling of dynamic pressure, the forces and the rigidity,
as was shown in section 2.2.4. The pressure scaling factor 𝑘፩ should be the same for all test conditions
if only one aeroelastic wind tunnel model is created. As for the temperature, the pressure changes at
different altitudes, therefore different pressures are needed during wind tunnel testing. In figure 4.4,
the variation of the pressure scaling factor with corresponding flight altitude is shown in the left graph.
The two curved lines (in yellow and red) correspond to the scaling parameter using the minimum and
maximum wind tunnel pressure. Since a constant 𝑘፩ is needed, only the values of 𝑘፩ that lie in the
shaded area are valid options and are determined by the maximum 𝑘፩ of the minimum wind tunnel
pressure and the minimum 𝑘፩ of the maximum wind tunnel pressure. This green area corresponds to
the green area in the right graph of figure 4.4, which shows the air pressures. The maximum pressure
of the wind tunnel is 390kPa, for Mach numbers lower than 0.72, see figure 2.6. For higher Mach num-
bers, figure 2.6 shows that the maximum pressure is lower. However from the right graph in figure 4.4
it can be seen that the lower altitudes are limiting for the pressure range. These are the altitudes with
lower Mach numbers as seen in figure 4.2. This therefore no longer causes a restriction allowing the
390kPa pressure to stay limiting.

Figure 4.4: Valid pressure range of the HST that can provide a constant 𝑘ᑡ for AGILE wing
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Figure 4.5: Possible Reynolds number and dynamic pressure ranges for AGILE wing in HST

As the dynamic pressure scaling parameter is the same as the pressure scaling parameter (for 𝑘ፌᑒ
= 1, equation (2.12)), it can be seen from figure 4.5 that the dynamic pressure in the wind tunnel is
higher than for the full-scale wing, even if the lowest possible 𝑘፩ is chosen2. A high dynamic pressure
results in higher forces and thus higher limit loads that the wind tunnel model should be able to handle.
The difference between the dynamic pressures when choosing the highest and lowest wind tunnel
pressure may seem small in figure 4.5, but the difference is a factor 3, meaning the wind tunnel needs
to be a factor 3 stronger when using the higher pressure scaling factor. When only considering this, it
may seem beneficial to choose the lowest constant 𝑘፩ possible as it would be easier to meet strength
requirements. However, when doing so the Reynolds number is further off than it would be when
choosing the highest possible constant 𝑘፩ value.

While the difference between highest and lowest possible Reynolds numbers is also approximately a
factor 3, this difference does have another meaning, as for this variable the difference between the full
and small scale model is of importance. This difference varies from a factor 5 for the highest pressure at
a corresponding altitude at sea level to a factor 20 at the lowest pressure at a corresponding altitude of
11000m. While a small difference in Reynolds number will not have a large effect on the aerodynamics
of the wing, an order of magnitude can have an effect. The next section explores the effects of a
Reynolds number change of factor 10 by CFD analysis to assess the applicability of the 𝑘፩ range.

4.2. CFD Results
As mentioned, it is impossible to obtain the same Reynolds number in the wind tunnel as in full-scale
flight3. This gives concern to the accuracy of the wind tunnel results as improper Reynolds number
scaling can result in different aerodynamic resultants. Especially when the angles of attack get higher
and separation occurs, a different Reynolds number can have a large effect on the forces on the wing.
For this reason, CFD results of the SBW have been compared for the full-scale wing in cruise condition
and for the same wing in a flow for which the Reynolds number was changed with a factor 10, which
falls within the valid range as seen in figure 4.5. Only the flow conditions were changed. The actual
size of the wing was unchanged in order to use the same grid. The Mach number was the same for
both cases at M=0.78. The CFD analysis incorporates aeroelastic effects and uses the same structural
model for both Reynolds numbers.

For the wing at an angle of attack of 0 degrees, figure 4.6 shows that the pressure distribution over the
wing is indeed nearly the same for the top and bottom figure. A small difference is seen in the upwards
displacement (delta Z) of the wing’s tip, but the difference can be considered insignificant.

2Since the EAS is set as a constant value the dynamic pressure indeed does not change with (corresponding) altitude.
3for the H2020 AGILE SBW in the HST wind tunnel
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Figure 4.6: CFD results for 𝛼 = 0∘,
top: lowered Reynolds number, bottom: full-scale results,
l: pressure over top surface (Pa), m: pressure over lower surface (Pa), r: deformation in Z (m)

Similar results can be seen for the -2.5, 2.5 and 5 degree angle of attack CFD results, which can be
found in appendix A, where only minor differences can be seen in the pressure and deformation plots.

What can be seen in figure 4.7 is that for an angle of attack of 7.5 degrees there is a substantial
difference between the lower (wind tunnel) and higher (full-scale) Reynolds number. The deformation
for the lower Reynolds number is lower at the tip than in the higher Reynolds number flow. This can
be seen as well in the pressure plot, which indeed shows a lower pressure over the top surface for the
higher Reynolds number, thus indicating more lift and deformation.

As mentioned in the previous section, the largest factor the Reynolds number could differ with would
be ~20 when the lowest 𝑘፩ is chosen. This larger difference was not analyzed with CFD but it is to be
expected that a similar result will be found, as the order of magnitude of the Reynolds number does not
change much further. Thus, it is expected that lower angles of attack will show good similarity, while
higher angles of attack will show differences.
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Figure 4.7: CFD results for 𝛼 = 7.5∘,
top: lowered Reynolds number, bottom: full-scale results,
l: pressure over top surface (Pa), m: pressure over lower surface (Pa), r: deformation in Z (m)

4.3. Discussion
As is shown in the previous sections, the pressure scaling factor depends on the available wind tunnel
and the flight conditions that are to be simulated. For this research 𝑘፩ should lie between 1.2 and 3.8 if
the wind tunnel model of the AGILE SBW is to be tested in the HST. A lower value would be beneficial
in terms of strength requirements, whereas a higher value would result in a better Reynolds number
similarity.

Section 4.2 showed that if the Reynolds number is changed by a factor 10 that there is no substantial
effect for angles of attack from -2.5 to 5 degrees but for the angle of attack of 7.5 a change in the
pressure field can be seen, especially in the outer section of the wing, after the strut. This means
that wind tunnel tests will show different results than the full-scale version would in flight for higher
angles of attack. It is thus not deemed feasible to use the HST for the reference, or similar, wing when
angles close to stall are of interest, with these type of flight conditions. Other wind tunnel types could
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be useful in those cases, for example, cryogenic tunnels may be able to match both Reynolds and
Mach conditions. When only testing lower angles of attack the changes to the pressure distribution
and deformations on the wing are small and Mach and interference effects can be verified in the wind
tunnel.

For the tests intended in this research; assessing efficiency in cruise and climb conditions; the lower
Reynolds number is sufficient. Since the CFD results showed that Reynolds numbers do have an effect
but the effects are small for lower angles of attack, it was decided that the Reynolds number effects are
not of interest for the purpose of this thesis. This assumption is however only valid for angles of attack
of ~5 degrees and lower. This assumes that when using the lower 𝑘፩, and thus a larger difference in
the Reynolds number (up to a factor 20), it would still not have a significant effect at 5 degrees. This
should be further analyzed in future research and may depend on the exact configuration that is to be
tested.

Choosing the lowest possible 𝑘፩ value decreases the strength requirements on the wing, as it de-
creases the force on the wing that causes the deformations. A higher value would allow more design
freedom for a composite model’s layup as there will be more layers. These layers should, however, fit
inside the geometry of the wing. It is therefore left free in the design and optimization phase to vary this
value between 1.2 and 3.8. Pressure scaling parameter values of 1.25, 2.5, and 3.75 are compared in
this thesis.





5
Full-Scale Static Aeroelastic Analysis

Before starting to design a composite wind tunnel model, it is necessary to determine the full-scale
aeroelastic results, as it will be important for the wind tunnel model to match these deformations in
scaled flight conditions. This chapter discusses the process of computing the static aeroelastic results
and ends with the results found that can be used in the objective function for the optimization later on.

This full-scale aeroelastic analysis is performed on the two reference aircraft, the H2020 AGILE SBW
and its cantilever version. Figure 5.1 show these two reference aircraft, it can be seen that the main
wing of the SBW is the same as the cantilever wing.

(a) Strut-braced wing (b) Cantilever wing

Figure 5.1: Reference aircraft

5.1. Method
A static aeroelastic analysis was performed to retrieve the deformations of the wing and the forces
acting on it. A structural model was created in Nastran on which a modal analysis was done. Next, the
eigenmodes and frequencies together with the structural model itself were supplied to Zaero, a higher
fidelity panel method solver for aeroelastic analysis. The next section will briefly discuss the layout
of this original structural (NASTRAN) model, followed by a brief section on the aerodynamic (Zaero)
model. Note that although the model shown in this section is for the SBW, the same steps were taken
of the cantilever wing, unless otherwise specified.

The flowchart in figure 5.2 shows the steps taken in the MATLAB program that was written to per-
form these actions. The CPACS model and the str.xyz (locations used in the supplied matrices), str.K
(stiffness matrix) and str.M (mass matrix) values were initially provided as well as part of the rewrite-
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Figure 5.2: Steps taken in the full-scale aeroelastic computations. Excerpt of program diagrams found in ap-
pendix B

MODEL function which defines part of the original grid locations 1. When considering a new wing in
future research similar inputs would be required but may have to be slightly rewritten to match the used
structure. The stiffness and mass matrices can be extracted from a FEM solver and be saved in the
required parameters.

The Mach and altitude can be chosen from the test envelope as discussed in the previous chapter. The
input shown in the rest of this chapter was chosen at cruise and an angle of attack of 5 and is shown
as an example. This resulted in files that contain the deformed shape and the forces that act on the
wing for the chosen case.

5.1.1. Structural Model
A beam model of the full-scale wing was already present from the H2020 AGILE SBW research project
that was chosen as a research model. The model contained stiffness and mass matrices and consisted
of 24 beam elements for the wing and five elements for the strut. No information about the exact
structural elements and material were present but these matrices contained the information needed for
the aeroelastic sum. For the cantilever wing, the same elements were used minus the strut elements.
2

The defined structural grid runs through the front spar of the reference wing3. The mass and stiffness
matrices defined between these points define the structural behavior of the model. To transfer loads
and to model the rotation of the structural model to the aerodynamic model, two points per airfoil are
defined at the leading and trailing edge. A rigid element is placed between these two points as cross-
sections were assumed very stiff. Figure 5.3 shows the full-scale Nastran model. The green points are
the defined nodes, whereas the red points and lines are the rigid elements. It can be seen that no rigid
elements are present at the roots, which is due to the presence of DOF-constraints at those positions.
1The chordwise spar locations were defined hardcoded in a (provided) MATLAB script as not all was defined directly in the
CPACS model. For this reason, the rewrite model step is necessary for this specific chosen reference model

2The stiffness and mass matrices of the cantilever wing were developed for this thesis, they are not optimized and are a simple
3-part beam model with stiffness properties such that it had a roughly 10% tip displacement at an angle of attack of 5 degrees.

3That this location is the front spar can not be taken from the model but is known from the reference project
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The wing root is constrained in all DOFs. For the SBW the strut root is constrained in translation
but left free to rotate. This models the strut-braced wing as it attached to a wind tunnel wall with a
rigid connection for the main wing but as a ball-joint at the strut root, for the cantilever only a rigid
connection at the root is present. These wind tunnel wall connections are modeled in Nastran with
SPC’s (Single-Point Constraint) at the nodes that are located at the root. For the main wing root this
SPC locks translation and rotation in all directions, for the strut root only the translations are locked and
the rotations are free, as if there was a ball-joint at that position. For the full-scale strut-braced wing
the mass and stiffness matrices define the connection between the upper strut node and the 13th wing
node (which is where the wing-strut joint is located). Although non-deducible from the matrices, this is
known to be a rigid connection in the original model [66].

Figure 5.3: Full-scale Nastran model. Green shows the nodes. The green nodes that are not circled in red are the
ones between which the mass and stiffness matrices are defined. Red lines show the rigid elements and the red
circles show the nodes that were used to define these elements.

After defining the structural model, NASTRAN SOL103 is run, which is a real eigenvalue analysis
solver. The natural frequencies and the corresponding mode shapes are provided as solutions to the
problem which can be used for aeroelastic analysis. The theory used by NASTRAN can be found in
their reference manuals [67].

5.1.2. Aerodynamic model
The aerodynamic model consists of airfoils that have been defined at the same span-wise locations
as the original points. The airfoils are taken from the definitions in the CPACS model. Additionally,
the flow conditions are defined, the Mach number, dynamic pressure, and angle of attack have to be
supplied. Together with the structural model and the computed modes, a static aeroelastic solution can
be found. See section 2.2.1.1 and the Zaero user manual [30], for a more detailed description of the
theories used in the program. Figure 5.4 shows the aerodynamic model of the strut braced wing, the
structural model grid is indicated by the red dots.
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Figure 5.4: Full-scale Zaero model. The aerodynamic shape is shown, the red dots indicate the structural model
as shown in figure 5.3

5.2. Results and Wind Tunnel Model Objectives
As mentioned in the research plan two main results are needed from the full-scale aeroelastic analysis,
namely the deformed shape and the forces acting on the wing which resulted in this deformation. The
analysis was performed for multiple angles of attack but the results in this section show the results for
an angle of attack of 5 degrees. This angle was chosen since this is the highest angle that showed to
give valid results in chapter 4. Additionally, higher angles result in higher deformations and forces and
thus are easier viewed in figures.

(a) Deformation (b) Twist

Figure 5.5: Aeroelastic deformation and twist of full-scale strut-braced wing model in cruise at 𝛼 = 5 degrees

Figure 5.5a show the deformation of the strut-braced wing. It shows the leading edge (solid line) and
trailing edge (dashed line) while deformed and undeformed. It can be seen that there is no twist for
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the undeformed wing but there is negative dihedral. What can be seen is that the deformation of the
full-scale wing results in a nose-down twist, which is beneficial for stability reasons and it can be seen
that the wing barely bends up until the strut connection while it is already twisting in the inner section.
Figure 5.5b shows the twist angle along the span for the deformed result.

Figure 5.6 shows the deformation of the wing from Zaero’s aeroelastic output directly, the lower, blue,
surface is the undeformed wing. In these it can also clearly be seen that there is nose down twist
for the whole wing and that the upwards deformation of the wing starts to become stronger from the
strut-wing-joint outwards.

Figure 5.6: Deformation of full-scale strut-braced wing model in cruise at 𝛼 = 5 degrees

Figure 5.7 shows the pressure distribution over the wing and strut from these results. These results can
be used at the end of this thesis to evaluate how well the found designs match in terms of aeroelastic
results.
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Figure 5.7: Aeroelastic pressure coefficients of full-scale strut-braced wing model in cruise at 𝛼 = 5 degrees

The same analysis was done for the cantilever wing, these results are shown in figures 5.8 to 5.10.
What is notable from figure 5.8, is that the twist clearly shows that the full-scale model was modeled as
a beam with 3 different cross-sectional stiffnesses. Again, the cantilever wing used in this thesis does
not come from a full-scale optimized model but was roughly designed.

(a) Deformation (b) Twist

Figure 5.8: Aeroelastic deformation and twist of full-scale cantilever wing model in cruise at 𝛼 = 5 degrees

The deformation found directly from Zaero’s aeroelastic results are shown for the cantilever wing in
figure 5.9. The pressure coefficient results are shown in figure 5.10.
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Figure 5.9: Deformation of full-scale cantilever wing model in cruise at 𝛼 = 5 degrees

Figure 5.10: Aeroelastic pressure coefficients of full-scale cantilever wing model in cruise at 𝛼 = 5 degrees

5.2.1. Scaling of Full-Scale Results
The results shown above are for the full-scale wings. But, fortunately, the literature review showed
that both the geometry (thus the deformations) and the forces can be scaled by simple parameters.
Equation (4.2) and equation (2.17) can be used to scale the results for the smaller scale wind tunnel
model. The first of these equations already shows the geometric scaling factor (𝑘፛) to be 0.07778.
The force factor (𝑘ፅ) is determined using the pressure scaling factor(𝑘፩), the Mach scaling factor (𝑘ፌᑒ ,
which is 1 for similarity) and 𝑘፛. As discussed in the previous chapter, the pressure scaling factor
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ranges from 1.2 to 3.8. A higher pressure scaling factor causes a thicker laminate as the forces will be
stronger, creating more design freedom for the layup. However, a too high force will make it hard for
the wing to adhere to the strength requirements while not becoming too thick of a laminate, such that it
does no longer fit in the wing. Equation (5.1) shows the resulting range of values for the force scaling
factor.

𝑘ፅ = 𝑘፩𝑘ፌᑒ𝑘ኼ፛ (5.1)
𝑘ፅᑞᑚᑟ = 1.2 ⋅ 1 ⋅ 0.07778ኼ = 0.007259
𝑘ፅᑞᑒᑩ = 3.8 ⋅ 1 ⋅ 0.07778ኼ = 0.022988

The wing deformations were mentioned in the research plan as the objective of the optimization frame-
work. The deformed wing’s x,y, and z coordinates of the leading and trailing edge define this objective.
The results found by Zaero are scaled with a factor 𝑘፛ to new x,y,z coordinates. A necessity for the
optimization problem will be that the used points match exactly with these points so that they can be
compared properly.

The force file that Zaero creates is in the format of Nastran’s input files. This is a text file that contains
forces in x, y, and z direction at each of the defined grid points. These forces are scaled with the chosen
factor 𝑘ፅ for use by the static finite element analysis in the optimization framework, as was explained
in the research plan.

5.2.2. Comparison Zaero and Nastran Results
Since the internal computations of Zaero and Nastran are slightly different, the found result was com-
pared to a Nastran result using the output forces from Zaero and the original structural model. This is
to confirm that both programs provide the same results and optimization using the static FEM solver is
possible.

(a) Strut-braced wing (b) Zoomed in on strut-wing-joint

Figure 5.11: Comparison of Zaero aeroelastic results and Nastran results

Figures 5.11a and 5.11b show the leading-edge and trailing-edge lines of the wing for the jig-shape,
Zaero results and the Nastran results of the SBW. From figure 5.11a it seems a perfect match but
from figure 5.11b it can be seen that there is a slight difference for the wing and a larger difference for
the strut at the joint. Zaero sees the wing and strut as separate surfaces and therefore seems to not
correctly model the twist of the strut at the joint. For the cantilever wing, the difference is small overall.

5.3. Aerodynamic Verification
To check whether Zaero gives an accurate prediction of the forces on the wing the results are compared
to CFD results, which are discussed in more detail in section 4.2. Zaero gives a force file output that
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can directly be used in NASTRAN as input for the static structural sum, whereas with the found CFD
results this is not directly possible. Using the Zaero results is also computationally less expensive than
including CFD results.

Figure 5.12: Comparison between CFD (left) and Zaero (right) deformation results

The aeroelastic CFD results use the same structural model, in which mass and stiffness matrices were
supplied. Figure 5.12 shows the deformation results after a static aeroelastic analysis performed with
both the higher fidelity panel method and with CFD. While the CFD results are known to be more
accurate to predict the aerodynamics, it can be seen that bothmethods predict a similar deformation and
thus lift force. This thus shows that using Zaero’s force output as an input for the structural deformations
should give accurate results when it comes to static aeroelastic behavior.

Unfortunately, the pressure field output given by Zaero and the CFD results do not match and can
therefore not easily be compared. However, it is only important that Zaero correctly models the forces
that cause the deformations, since the similarity between the two results, as seen in figure 5.12, ver-
ifies that the force output can be used for this research. It has to be noted that the actual flow that
can be expected during testing would be more similar to that of the CFD results shown in chapter 4
and appendix A.

5.4. Verification of Scaling Parameters and Numerical Effects of
Scaling in Zaero

This section covers a verification of what happens to the aeroelastic result when the model is scaled
using the parameters found in the literature review. This is useful to verify the found scaling factors
and will help identify possible numerical errors induced by Zaero on the aerodynamic forces when
scaling. While the optimization will not run Zaero while optimizing, the final results will be verified with
an aeroelastic analysis.

This verification cannot be performed directly using the input model, as only the mass and stiffness
matrices are supplied and these cannot be scaled directly using the scaling parameters. For this reason,
a beam model was created that consisted of bar elements, similar to the original model, with the same
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grid points and rigid body elements. These bar elements have a definable EI, EA, and GJ, which is
what makes it simple to scale them using the found parameters.

The beam model for the full-scale wing consists of an aluminum box that changes cross-sectional
dimensions based on the chord length at that span-wise position. This box was modeled such that
it would give results comparable to the original wing but does not represent the structural properties
of the actual full-scale model. The aerodynamic model is the same. The flow properties are defined
with the angle of attack, the dynamic pressure, and the Mach number in the same way as was done
in section 5.1.2. These were thus chosen, in this example, as the AGILE wing’s cruise values with an
angle of attack of 5 degrees.

For the smaller scale model all dimensions (including the material thickness) were scaled with a factor
𝑘፛ = 1.4/18. The Mach number stays the same in both computations as well as the angle of attack.
The dynamic pressure scaling in this example is a factor 𝑘፪ = 2 larger for the small scale wing. As
seen in equation (2.16) 𝐸𝐼 is scaled with 𝑘ፄፈ = 𝑘፩𝑘ፌፚ𝑘ኾ፛ (and 𝑘፩ = 𝑘፪). Since the moment of inertia
𝐼 comes from the dimensions and thus provides the 𝑘ኾ፛ part, the Young’s modulus 𝐸 (and the shear
modulus 𝐺) were scaled with the factor 𝑘፪ = 2.

Figure 5.13: Deformed wing, full-scale and scaled result

After scaling the deformation back to full-scale (using 𝑘፛), the deformations can be seen in figure 5.13.
It can be seen that there is a minor difference between the full-scale and scaled wing deformations but
the lines almost lie on top of each other. Figure 5.14 shows that this difference is up to 1.2% of the total
deformation, which is a maximum of 7.5mm difference on an 18m semi-span wing, or about 0.58 mm
difference on the scaled model.

When considering the difference in forces in figure 5.15, scaled back using 𝑘ፅ = 𝑘፪𝑘ፌፚ𝑘ኼ፛ from equa-
tion (2.17), it can be seen that the scaled results differ up to ~0.6%. Towards the root the trailing edge
difference is larger than the leading edge difference, therefore the nose-down twist is larger for the
scaled wing, which indeed led to lower forces. Differences can be due to the fact that the scaled wing
becomes rather small and Nastran and Zaero both work with input text files. For this, only 8-digit values
are used which may lead to round-off errors and is likely the main cause of these small differences.

From this section, it can be concluded that the stiffness scaling factors derived in the literature review
are correct since the deformations are approximately the same after scaling the stiffness of the wing.
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Figure 5.14: Difference in deformation as percentage of
maximum deformation

Figure 5.15: Difference in lift force on the wing as per-
centage of reference lift force

Additionally, there are no major effects of scaling down the wing in the aerodynamic part of the analysis.
There will be some inaccuracies when scaling the wing but the differences are small and reasonable
for the fidelity level of this research. Errors of ~1% may thus also be expected for the final scaled wing.





6
Wind Tunnel Model Set-up

The previous chapter discussed the models used for the full-scale aeroelastic analyses. These models
contained mass and stiffness matrices, but since the aim of this research is to find a composite layup
that will match these characteristics, the structural model has to be redefined to match the structural
design.

As mentioned in the introduction of this thesis, the scaled model concept considered will be a composite
shell with a foam core. Therefore the structural Finite Element Method model also has to be modeled
as such. Optimization using other structural model options is outside the scope of this thesis.

The structural analysis is performed in NASTRAN, a FEM solver. NASTRAN takes care of the FEM
computations but the structure, boundary conditions, and loads have to be defined properly to get a
result. This chapter is split into four sections. Firstly, section 6.1 describes the elements used to model
the structure and how the grid is defined, the additional elements that comprise the strut are discussed
here as well. Next, the way the structure interacts with the wind tunnel wall is modeled, which is
described in section 6.2. In section 6.3 it is shown how the forces from the force file are distributed on
the structural model. Finally, section 6.4 discusses the mesh and the accuracy of the model.

6.1. Structural Elements and Grid
The structural model of the wing is constructed of defined grid-points that are connected. For model-
ing the composite, the outer grid-points are connected using several quadrilateral plate element con-
nections (CQUAD4) with a shell property (PSHELL) that has a material defined using an anisotropic
material card (MAT2). These CQUAD4 element connections define panels from four grid points. This
is combined with six-sided solid element connections (CHEXA) with a solid property (PSOLID) that
defines the foam material properties using an isotropic material card (MAT1). CHEXA element con-
nections connect eight grid points to form a volume. The exact definitions of each mentioned Nastran
card can be found in the Nastran documentation [68].

Figure 6.1: Cross-sectional mesh of wing.

Whereas these element connections and the property and material cards take care of defining the
properties of the structure, the shape of the structure is defined by the grid points. The cross-sectional
mesh is shown in figure 6.1. The airfoil is split into 16 sections, in order to keep the airfoil shape, while
not using too many sections for computational reasons. Internally the same cuts are used for the solid,
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with an exception of the nose, where points were placed such that the shape could be followed roughly.
The lines show the edges of the element connections, while each corner is a defined grid point.

Span-wise, the wing is split into the original 24 panels (from the full-scale model), that are further
refined by adding additional grid points. Using the original full-scale span-wise node locations allows
the comparison of the leading and trailing edge deformations to be more easily compared. Matching up
these nodes is not a necessity, but, if they do not match, additional steps would be needed to compare
the deformations. Figure 6.2 shows a mesh that has been refined 1 time (i.e., each original span-wise
section has been cut in half). Section 6.4 discusses the mesh quality and the convergence of the mesh
when refining the mesh further.

The global axis system can also be seen in the bottom-left corner in figure 6.2, x points towards the
trailing edge of the wing, y points in the span direction, and z points upwards.

Figure 6.2: Shell mesh of the wing

Strut
For the strut-braced wing, the strut has to be added. The strut can be defined similarly to the wing, using
a shell outside and a solid core. In this case, the strut was split into five original sections, which could
be refined by splitting it into sections. In figure 6.3 this is shown again where the original y-locations
were split once.

Figure 6.3: Shell mesh of the strut

6.2. Degrees of Freedom
The wind tunnel model would be connected to a wall in the wind tunnel, which would restrict the root
from moving in any direction. Therefore, connections have to be defined that represent this case. The
wing will be connected at the root with a rigid connection. In Nastran this is modeled as a set of SPC’s
(Single-Point Constraint) at the root that locks all degrees of freedom for the grid points at y=0. This
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models the wing as if it were connected to a wall, as it would be in the wind tunnel. This is the same
for both the wing-part of the SBW and the cantilever wing.

The strut of the SBW model makes things more complicated and it can be modeled in a number of
ways. The full-scale model is known to have a rigid strut-wing-joint and a ball-joint at the root which
therefore would make sense for the scaled model also. The root can be modeled using a SPC, locking
the translational degrees of freedom at the root. Since for a ball- (or hinge-) joint not all degrees of
freedom are locked, it is not possible to again lock all strut grid points at the root, as was done for
the wing. Therefore, a single SPC is used for the chosen degrees of freedom, located at the (scaled)
original grid point, which is then connected to each other point of the root using a rigid body element
(RBE2). This RBE2 can be seen in figure 6.4, the point in the middle is the point that is constrained
by the SPC. This RBE2 thus makes sure the entire root twists the same as the rotation point, which is
constrained with an SPC.

Figure 6.4: RBE2 from the rotation point (middle), to the rest of the airfoil

The wing-strut-joint must be modeled as well. In a real composite wind tunnel model, this would be
done using some type of insert into the composite for the wing which attaches to the strut end. In this
model, it was chosen to model this using a more singular approach. Thus, using a single point on the
strut and wing that are connected using an RBE2, which locks the required degrees of freedom to make
sure those degrees of freedom are the same for the wing and strut at that point. Again, this point is
then connected to the rest of the structure at that cross-section, separate for wing and strut, using a
separate RBE2 locking all degrees of freedom with respect to that singular point, similar to the RBE’s
that were shown in figure 6.4. This would model that cross-section as being infinitely stiff.

The design and sizing of an insert were deemed outside the scope of this thesis. Inserts are generally
made of blocks of metal and are very strong and stiff. Modeling the cross-section at that point as
being infinitely stiff therefore should not have a large effect. However, a small effect may be present
and a more accurate model of the insert should be used in later stages when the actual wing is built.
Figure 6.5 shows an example of such an insert for a Strut-Braced Wing, from an earlier project on the
AGILE SBW at the NLR.

Figure 6.5: Example insert for strut-wing connection [69]
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An implication of modeling the joint as a singular point is that there will be local stress concentrations
in the FEM model near the joint due to the singularity1. This means that stress and strain values found
near this singularity may be incorrect. Strength requirements will, therefore, be ignored in the area close
to the joint, as it will in a later research stage be replaced by an insert and will have to be re-analyzed.
Section 6.4 shows the implications of this singularity and the area that will be excluded.

During testing of the FEM model, it was found that the degrees of freedom used in the full-scale model
(rigid joint and rotational freedom at the strut root) do not necessarily give the best matching results. The
degrees of freedom can be changed before running an optimization and options can thus be compared.
Options that can be considered do not only include a ball joint at the root and a rigid connection at the
strut-wing-joint. It also includes using only rigid connections or using a ball joint at the strut-wing-joint
while using a rigid connection at the root.

Degree of Freedom Variations
Three options were considered for the way the strut is attached to the wing and the wall and consist of
combinations of rigid and ball joints. In this section’s figure and table, the joints indicated with 123 are
ball joints, whereas 123456 are rigid joints.

Figure 6.6 shows what happens to the RMSD for different designs. This was done by using various
laminate thicknesses, for this the lamination parameters were kept the same. The Root Mean Square
Deviation (RMSD) indicates how far the found deformation is from the objective (full-scale) deformation.
These values show that the first and third option (both with a rigid strut-wing-joint) gave similar function
values, while the second option with a ball joint at the strut-wing-joint and a rigid joint at root showed a
larger difference. Since only the thickness was varied this however does not show anything about the
best possible match once the optimization framework has optimized the laminates.

Figure 6.6: RMSD for degree of freedom variations at strut root and strut-wing-joint

Table 6.1 shows the RMSD after optimizing the structure2. In the next chapter, the optimization frame-
work will be discussed, but optimization results are shown here to show the differences noticed between
the different degree of freedom options after optimization. Within this thesis, the option with two rigid
joints will be used as it showed to lead to better optima. Considering each option for different designs
could however be beneficial as it may be model-specific which of these options works best.

1Even if multiple points would be connected at the same span-location this would be true. Without knowledge of the actual insert,
a correct region for attachment cannot be defined to prevent this problem

2Values shown are for a specific run with similar starting points, but a pattern was noticed in which the model with two rigid joints
performed best
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Table 6.1: Degree of freedom options for the strut

DOF @ strut root DOF @ strut-wing-joint RMSD [mm]
123 123456 1.1353

123456 123 1.3191
123456 123456 1.0159

6.3. Load Distribution
The loads on the model come from the scaled force file of the deformed full-scale model, as was
explained in section 5.2.1. They are distributed onto the new wing nodes using interpolation constraint
elements (RBE3). These connect the locations at which the forces are applied, which are (scaled)
locations from the full-scale model, to the shell of the structure and thus distribute the load. Which
points are connected can be seen in figures 6.7a to 6.7c.

(a) RBE3 from original node location (b) RBE3 from leading edge (c) RBE3 form trailing edge

Figure 6.7: Visualisation of the interpolation constraint elements (RBE3)

6.4. Mesh Sensitivity
The structural grid was defined by splitting the airfoil shapes into sections, interpolating this airfoil shape
along the span using the chord, and splitting the mesh span-wise. The number grid points of the airfoil
and the number of span-wise splits define how refined the mesh is. A more refined mesh is generally
more accurate, but also the shape of the elements matters. This section analyzes the mesh quality
and its convergence in terms of displacement and strain results.

In general, for a structural grid, it is important that shapes are as ’square’ as possible (when using 4/8
corner elements), thus having an aspect ratio close to 1. It can be seen from figure 6.1 that near the
trailing edge this criteria is not met very well as the elements are much wider than they are high. This
is, however, only the case for the foam part of the model, which does not have a large influence on
the results; the main reason for the presence of the foam is to prevent buckling and to keep the shape
of the airfoil. The span-wise refinement has an influence on the aspect ratio of the shell elements, as
a small refinement results in very slender elements near the nose of the airfoils. When refining the
span-wise sections this can be reduced. However, when refining this too much the aspect ratio will be
too far from 1 in the other direction.

Figure 6.8 shows a mesh quality analysis performed in Patran on the shell elements, which indicates
when cell aspect ratios are too large. It can be seen that for figure 6.8b almost the entire wing is blue,
indicating an aspect ratio close to 1, while for the coarsest grid the nose of the wing is red, which
indicates an aspect ratio higher than 5 (which is deemed of low quality in the standard checks from
Patran). The finest grid considered starts to become green near the trailing edge, which indicates an
increasing aspect ratio in the other direction. For the strut on the SBW, the elements have to be split
twice as often to get similar results in terms of mesh quality.

For the strut-braced wing, the convergence of the tip deformation and the strains for different mesh
sizes were analyzed. This analysis was not performed for the wing, as the SBW consists of the same
main wing with an additional strut and similar results are expected.

Before checking the convergence of the strain results for different mesh sizes, the area to exclude,
to correct for the introduced singularity at the strut-wing-joint, needs to be addressed. As mentioned
in section 6.2, an implication of modeling the joint as a singular point is that there will be local stress
concentrations in the FEMmodel near the joint due to the singularity. These concentrations will increase
in magnitude when refining the mesh. The area near this point should thus not be included when
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(a) Grid refinement level 1

(b) Grid refinement level 4

(c) Grid refinement level 8

Figure 6.8: Nastran element check for aspect ratio, blue indicates an aspect ratio close to 1, red indicates an
aspect ratio >5

checking the safety factor as the stress concentrations will be higher than can actually be expected at
this point when loads would have been properly distributed by an insert. Since these points would later
be replaced by an insert the stresses of the composite do not have meaning, therefore skipping this
area is deemed valid for this design level. Figure 6.9 shows the strain for a refined and more coarse
mesh, where the color ranges are changed to have the same meaning. It can be seen that both results
are similar but there is a stronger stress concentration near the strut-wing-joint (more red) for the more
refined mesh.

The areas closest to the strut-wing-joint will be excluded, the excluded elements are highlighted in
figure 6.10. When excluding this area, the results are more similar between different mesh sizes.

After defining the range to exclude it was checked if coarser and more refined meshes returned com-
parable deformation and strain results. Figure 6.11a shows the tip displacement for both the leading
and trailing edge. While it can be seen that the mesh has not fully converged for the coarsest grid, the
difference with the very refined grid is less than 0.1mm, which is smaller than the error experienced
due to scaling in section 5.4. This error is therefore deemed acceptable.

Even when removing the area closest to the strut-wing-joint there is a difference between the strains
of coarser and finer grids. This difference is substantial with the safety factor decreasing from 4.76 to
4.4. This value, however, quickly starts to converge when the mesh is more refined, as can be seen in
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(a) Strains for a coarse mesh

(b) Strains for a refined mesh

Figure 6.9: Visualisation of stress concentrations near strut-wing-joint

Figure 6.10: Area excluded for strain analysis due to singularities (highlighted)

figure 6.11b. When considering the safety factor that includes the excluded strut-wing-joint area, it can
be seen that the strains converge much slower (and keep decreasing at the finest considered grid).

The time needed to perform a function evaluation and the constraint evaluations (for a further matching
problem) linearly increases for these mesh refinement steps, as can be seen in figure 6.12. Using a
grid refinement level of 3 or 4 thus seems to perform well and consistent in terms of deformation and
safety factor (which is directly related to the strains), while not increasing the run time too much. A
refinement level of 3 for the main wing and 6 for the strut seems to give results that would be similar to
a more refined grid without adding too much additional computation time.
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(a) Difference in tip displacement for mesh refinement factors. Blue:
Leading edge. Red: Trailing edge

(b) Difference in safety factor for mesh refinement factors

Figure 6.11: Mesh Convergence

Figure 6.12: Time needed to complete one function evaluation and constraint evaluation



7
Optimization Framework

This chapter describes the optimization process to optimize the material properties of the model. As
described in the research plan, the overall optimization will be a multi-step optimization. First, the
optimal lamination parameters are found, which are then converted into a stacking sequence. This is
done because continuous optimization is generally computationally much less expensive than discrete
optimizers. As a single function evaluation takes multiple seconds (figure 6.12) reducing computational
efforts is beneficial.

Section 7.1 describes the optimization problem for the lamination parameter optimization. The opti-
mization routine of the lamination parameter optimization is described in section 7.2 and discusses the
mathematical process of the optimization. Since the last step in the optimization process, the stacking
sequence retrieval, is handled by an open-source genetic algorithm, this will only briefly be discussed
in section 7.3.

7.1. Lamination Parameter Space Optimization
The optimization’s objective is to find the lamination parameters and laminate thicknesses which form a
wind tunnel model best capable of matching the deformations of the full-scale wing under load. Equa-
tion (7.1) shows the general optimization problem, where the function 𝑓(x) is minimized for variables x
such that the nonlinear inequality constraint values, c, are smaller than zero within the bounds lb and
ub.

min
x

𝑓(x) such that: {
𝑐(x) ≤ 0

𝑙𝑏 ≤ x ≤ 𝑢𝑏 (7.1)
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where:

𝑓(x) =RMSD(deformations(x))

⟹ 𝑓(x) =√
∑(deformations(x) − deformationsoptimal)ኼ

#sections (7.2)

x =
[(𝜉[ፀ,ፃ]ኻ,ኼ,ኽ )[ኻ∶#sectionswing], ...
t[ኻ∶#sectionswing], ...
(𝜉[ፀ,ፃ]ኻ,ኼ,ኽ )[ኻ∶#sectionsstrut], ...
t[ኻ∶#sectionsstrut] ]

(7.3)

c ≤ 0 ⟹

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

equation (2.33)[ኻ∶#sections], ...
equation (2.34)[ኻ∶#sections], ...
equation (2.35)[ኻ∶#sections], ...
equation (2.36)[ኻ∶#sections], ...
equation (2.37)[ኻ∶#sections], ...
equation (2.38)[ኻ∶#sectionsዅኻ], ...
equation (2.39)[considered-grid-points]

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(7.4)

7.1.1. Objective Function
The objective function (𝑓(x)) (equation (7.2)) is defined as the Root Mean Square Deviation (RMSD)
of the computed deformations compared to the objective deformations, which are the deformations
of the full-scale reference model scaled with 𝑘፛. In the Nastran model, the locations where these
deformations are considered are leading and trailing edge locations that match the original full-scale
model grid. The leading and trailing edges are chosen since this incorporates the twist of the wing.
For the SBW this includes the leading and trailing edge points along the strut to make sure that the
strut does not bend or twist very differently. A RMSD objective function is minimizing and when this
function is zero the deformations perfectly match the scaled full-scale result. This function is chosen
as it is a proven method to determine the overall error at multiple locations. Also, a larger difference
gets penalized more than a small error due to the nature of the RMSD. The number of points in the
developed framework is set at the number of nodes of the full-scale model, as these points were simple
to extract. The number of points, due to the averaging in the RMSD, does not matter but using more
points checks the wing’s difference at more points, thus being more accurate, but it also takes more
time to compute.

7.1.2. Design Vector
The design vector, x, consists of the variable lamination parameters and the laminate thicknesses of
the wing. If the wing would consist of one single laminate throughout the whole span this would then
consist of 7 parameters for the wing, 𝜉[ፀ,ፃ]ኻ,ኼ,ኽ and the thickness. 𝜉[ፀ,ፃ]ኾ and 𝜉ፁኻ,ኼ,ኽ,ኾ are ignored since they
will always be zero for a symmetrical laminate consisting of only -45,0,45,90 plies, as discussed in
section 2.3.2.2. If the wing consists of n panels, the number of variables is 7 ⋅ 𝑛. For the SBW, the
same goes for the strut, again 7 variables are added per panel and are added at the end of the design
vector as in equation (7.3). For the cantilever wing that part of the design vector does not exist.

7.1.3. Constraints
The constraint equations, equation (7.4), earlier described in equations (2.33) to (2.36), (2.38) and (2.39)
can be applied by adding a nonlinear inequality constraint function that returns a vector, c, which con-
tains the constraint function values.

The lamination parameter feasibility constraints (equations (2.33) to (2.37)) are applied for each com-
posite section, as each section has its own laminate for which the parameters should be feasible. The
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blending constraints (equation (2.38)) are applied for each section minus one, since blending only oc-
curs for multiple laminate panels. For the strut-braced wing, the feasibility constraints are also present
for each panel. Additionally, the blending constraints are analyzed for the strut separately and are,
thus, present for the number of wing panels minus one and the number of strut panels minus one.

The strength constraints (equation (2.39)) are computed for each considered grid-point, which is inde-
pendent of the number of optimized sections. While a single value could be returned for every single
grid point that is part of the shell, it was chosen to summarize this and return a worst-case value for
an area to reduce matrix sizes. Additionally, since the strut-wing-connection causes a singularity, as
discussed in section 6.2, it was chosen to ignore the strains near this point for the SBW. Summarizing
the strains at the grid points into areas could cause non-convexities of the constraint function when the
worst-case grid point would change. The worst-case point, however, is generally at the same location
for each area and adding all points would result in thousands of constraint parameters (just over 10.000
nodes when using the 3-times refined grid from section 6.4). It was therefore decided to group all nodes
in the original sections into one worst-case value, for each direction (compression and tension in x, y,
and xy direction).

7.1.4. Bounds
The design variables are bounded by upper (ub) and lower (lb) bounds. For the lamination parameters
these are 1 and -1 respectively due to their nature, see equations (2.29) to (2.31).The lower bound for
the thickness is set to the thickness of 4 plies and the upper bound is related to the available space
inside the wing. The latter is determined by the thinnest airfoil thickness for each panel, which is always
at the most outboard cross-section. The upper bound for the laminate thickness is then set to 1/3 of
the airfoil thickness to allow space for the curvature and for foam inside.

7.2. Optimization Routine
This section shows the chosen optimizer settings and shows an overview of the developed framework
program. Matlab’s gradient-based nonlinear constraint optimizer fmincon is used to optimize this prob-
lem. Lamination parameters result in a continuous design space (rather than using ply angles), which
allows for the use of such solvers.

Figure 7.1 shows a layout of the lamination parameter optimization script. The darker box shows
the tasks performed within the optimization while the outer items show inputs, outputs, and functions
that are performed only one time. The structural model consists of the scaled rigid geometry which
is translated into grid points and element connections in the ‘create Nastran SOL101 files’ function.
This creates all the BDF-files needed by Nastran SOL 101 except for the file containing MAT and
PSHELL cards which are defined by the design vector within the optimization as these contain laminate
information.

The material properties of a single-ply are needed as an input, as they are used to determine the mate-
rial properties from the design vector. They are, together with the geometric shape of the model, also
used to determine the bounds. The minimum thicknesses (lb) were defined as at least four times the ply
thickness. The maximum thicknesses (ub) are determined from the crossectional airfoil thicknesses,
see section 7.1.4.

There are several optimization settings that can be defined for fmincon such as the algorithm used,
the finite difference step size, and tolerances. It was found that the default fmincon algorithm ‘interior-
point’ performed poorly when near a nonlinear constraint boundary and often stopped prematurely
while a better (also feasible) optimum could be found. The ‘sqp’ (sequential quadratic programming)
algorithm was found to perform better although it often returned a (very slightly) infeasible point. While
the constraints are necessary to bound the problem to a feasible result, a very slight break of these
constraints is not a major concern as it involves an initial design. The finite difference step size was
changed from its default to make sure Nastran would return a different answer when a small change
was made to any of the design variables. Before changing this value, the design vector is normalized
so that each variable has roughly the same magnitude. The laminate thicknesses are approximately
three orders of magnitude smaller than the lamination parameters. Equation (7.5) shows the normalized
design vector, which is, within the optimization, scaled back to the actual lamination parameter values
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Figure 7.1: Lamination parameter optimization function overview
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and thicknesses. The finite difference step size is set to 10ዅ኿, as it was found that a step of 10ዅዀ
would not result in a difference to the Nastran results, for a step in all design variables. This is due
to the limited number of characters used in Nastran’s in and output files. The other settings, such as
tolerances for stopping criteria, were kept at their original settings as these proved to yield sufficient
results.

xnormalized =
[0.1 ⋅ (𝜉[ፀ,ፃ]ኻ,ኼ,ኽ )[ኻ∶#sectionswing], ...
100 ⋅ t[ኻ∶#sectionswing], ...
(0.1 ⋅ 𝜉[ፀ,ፃ]ኻ,ኼ,ኽ )[ኻ∶#sectionsstrut], ...
100 ⋅ t[ኻ∶#sectionsstrut] ]

(7.5)

An initial design vector is required by fmincon. The sqp algorithm does not require this initial point to
be feasible, so nearly any design vector will work. Using a feasible (or near feasible) starting point can
prevent Nastran from crashing, as an infeasible lamination parameter choice may lead to excessive
pivot ratios in the stiffness matrices, resulting in a NaN result for the objective function. While the
algorithm is able to recover when a NaN result is found after taking a step, starting with such a result
does not work.

The final input needed is the deformation objective, which is the scaled deformation found from the
full-scale aerodynamic analysis in section 5.2.1.

The optimization itself consists of a few steps. To determine the objective, first, the lamination param-
eter parts from the design vector are converted to ABD matrices and printed in a Nastran input bdf
file with MAT2 cards. The PSHELL cards are added to a bdf file as well, which contains the laminate
thicknesses. Nastran’s linear static analysis is then performed and it returns an output file. This file
contains the deformations and the strains at the nodes. The deformations are extracted and the RMSD
is determined by comparing these deformations to those of the deformation objective, which gives the
objective function value.

The constraints are in part directly computed from the design vector (LP feasibility constraints and
blending constraints). The strength constraints are determined by extracting the strains from the Nas-
tran output. These strains are compared to the maximum ply material strains and the safety factor.

Fmincon updates the initial design vector during optimization while staying within the bounds and stops
when the stopping criteria are met. The optimal design vector and its accompanying objective function
value and constraint values are then returned.

7.3. Stacking Sequence Retrieval Using SST and OptiBless Inte-
gration

The found optimization results are in the continuous lamination parameter space and while analyzing
the structure is possible, building a physical model using those parameters is not without converting it
back to a stacking sequence.

This Stacking Sequence Retrieval (SSR) step is performed by using an open-source tool, OptiB-
less [63], which tries to find a laminate for which the lamination parameters are closest to the lamination
parameters set as the objective. It uses a genetic algorithm. This tool was chosen since it is Matlab-
based and it was most easily integrated. Another open-source tool, pyTLO [62], was considered, as it
has some added functionalities, such as performing the optimization multiple times and updating the
genetic algorithm population during optimization. Both tools showed similar results when testing them
as long as larger population sizes were used. OptiBless’ benefit of easier integration into the larger
framework outweighed the additional options of pyTLO.

Since OptiBless uses a genetic algorithm and uses randommutations, finding the global optimum is not
guaranteed. However, by using a large population and many generations, a large portion of the design
space can be searched and finding the global optimum becomes more likely. OptiBless is expected
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to work better for optimizations with a smaller number of varying lamination panels, as the number of
design variables is smaller, compared to using many.

The tool works using stacking sequence tables. This means that the thinner panels contain plies that
are an (ordered) subset of the thicker laminates. Several manufacturing constraints can be turned on
and off in the settings, such as symmetrical and balanced laminates only, the discrete steps in angles.
Other manufacturing constraints include design rules that are aimed at improving damage tolerances,
by using ±45 plies as the outer plies, or disorientation guidelines, where 2 consecutive plies may not
have an angle change larger than 45 degrees. As this step was considered to be more of a validation
for possible laminates to exist that can form a design to match the deformations of the full-scale wing,
most of these options were turned off. Only the symmetry requirement was turned on and the discrete
angle settings were set to 45 degrees, as the lamination parameter optimization was done with these
requirements in mind.

The blending constraints, equation (2.38) should aid OptiBless in finding possible stacking sequences,
as was found by Macquart et al. [61]. The genetic algorithm settings that have been used in this thesis
are found in table 7.1. More detailed descriptions of OptiBless and what these settings do can be found
in the user manual [63].

Table 7.1: OptiBless genetic algorithm settings used in this thesis

Population size 200
Minimum # stalled generations 1000

Elitism 0.02
Crossover 0.8



8
Optimization Results

This chapter discusses the results found with the optimization framework for different settings. The
developed optimization framework was used to try to find initial composite wind tunnel model designs for
both a strut-braced wing and a cantilever wing. This was done for various options to test the robustness
of the framework and to assess how well the chosen methodology works for both a conventional and
non-conventional design. First, section 8.1 discusses the results for a changing number of laminate
panels. Next, the robustness of the optimization results are analyzed in section 8.2 by running both
wings for multiple starting points. Section 8.3 shows the capabilities of the developed framework and
verifies the accuracy at other angles of attack.

8.1. Laminate Panel Number Variations
It was hypothesized that increasing the number of variations in laminate panels would decrease the
error between the found model design and the deformation objective. This is because when the lam-
inate can change more this allows for more directional stiffness variation, which is thus more likely
to match those of the full-scale design. Increasing the number of panels, however, will increase the
complexity of the design that is to be produced. The optimization time will also increase significantly.
This is because the gradient determination, that is performed within fmincon, will have to perform one
function evaluation per design variable to find the gradient. Without counting possible additional steps
required, the gradient determination time will thus double when doubling the number of laminate pan-
els. As each function evaluation takes roughly 10 seconds the gradient determination alone will take
over a minute for one panel. Therefore, if the number of panels increases the computational efforts
can increase significantly. While changing from one panel to two will likely have a large impact on the
objective function, adding panels at some point may not decrease the objective function further and will
only add complexity.

For both the strut-braced wing and the cantilever wing three different pressure scaling factors were
considered, 1.25, 2.5, and 3.75, as these cover the possible range discussed in section 4.3. It is
expected that for the lamination parameter space the optima may be slightly different but should follow
a similar pattern. For the stacking sequence retrieval step it is expected that the higher the pressure
scaling factor is the better OptiBless’s results will be, as a thicker laminate will have more layers and
thus more design freedom. The stacking sequence retrieval step is shown, but since this introduces
discrete steps there is some randomness in how well the result matches, as the found optimum can be
close or far from a possible existing blended laminate which is found by OptiBless. It is expected that
the stacking sequence retrieval step will cause the deformation to deviate further from the objective
and thus that the objective value will increase.

Each of these runs was run from the same starting point for each option. Optimizing all these points took
roughly 8.5 days for the strut-braced wing. The cantilever’s runs were cut-off due to time restrictions
after also running for over 6 days, which is the reason for the missing data points compared to the
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strut-braced wing. The numbers of panels tried are 1,2,3,4,6,8,12 and 24, as this allows splitting the
panels at the original node locations.

8.1.1. Cantilever Wing
The results of the first part, those of the developed optimization framework in the lamination parameter
space, can be seen in figure 8.1. It can be seen that the function values drastically improve when
changing the number of panels from one to two and from two to three, after this point, the function values
do not improvemuch or even increase slightly. The full-scale beammodel consisted of a modeled beam
with three different properties, which may explain why the 3-panel wing performs notably better than
the 4-panel wing for the two higher pressure scaling factors. A good performance for the 6-panel wing
would however also be expected in this case.

Figure 8.1: Function values found for different numbers of panels and pressure scaling factors for the cantilever
wing. In the lamination parameter space for static results.

The optimization framework uses a static sum in which the scaled aeroelastic forces of the reference
design are used as input. Since the found optima are not perfectly matching those deformations some
deviations are expected when the force would be updated to the actual aerodynamic loads. The aeroe-
lastic results of the found optima in the lamination parameter space can be found in figure 8.2. It can be
seen that the aeroelastic results follow a similar trend, if the result in the lamination parameter space
was good it will also give good aeroelastic results, but some deviations can be seen.

The deviation between the aeroelastic results, seen in figure 8.2, for the 6-panel wing for 𝑘፩ = 2.5, for
example, can be explained when considering the twist angles that correspond to this result. Figure 8.3
shows the deformation (top) and twist (bottom) results for both the static (left) and aerodynamic (right)
results. While the static deformation result matches the objective very well, it can be seen that the twist
angle is slightly more negative at all locations. This slightly more nose down twist causes the wing to
deform less as the local angle of attack is smaller. This explains the larger deviation for the aeroelastic
results. The RMSD, which determines the fitness in the optimization, does a good job in matching both
the leading and trailing edge in figure 8.3a, however, the leading edge is slightly lower than the objective
and the trailing edge is slightly higher. Since the sign of the deviations is not included this leads to a
deviation in the twist, which, once converted to an aeroelastic result, causes extra deviations.

Naturally, the stacking sequence retrieval step can also cause a deviation from the objective as the
actual thickness and lamination parameters will change slightly from the found objective. The discrete-
ness of stacking sequences causes this step to be irregular in size, as a found optimum can either be
close or far from an actually possible laminate. Figure 8.4 shows the RMSD found after the SSR tool
OptiBless was used. It can be seen that the lowest pressure scaling parameter performs poorly, as
expected. This is due to the lower thickness, thus a lower amount of plies in the laminate, which causes
a more limited design space. The other two scaling parameters perform much better but all RMSDs are
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Figure 8.2: Function values found for different numbers of panels and pressure scaling factors for the cantilever
wing. In the lamination parameter space for aeroelastic results.

(a) static deformation result (b) aeroelastic deformation result

(c) static twist result (d) aeroelastic twist result

Figure 8.3: Lamination parameter results for 6-panel cantilever wing with 𝑘ᑡ = 2.5. Showing the effect of twist on
the progression from the static to aeroelastic result.
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higher than those from the Lamination Parameter (LP) optimization results. These results have larger
differences between the panels than found by the lamination parameter optimizations, which is likely
due to the discreteness of the problem that also causes the graph to show less smooth results.

Figure 8.4: Function values found for different numbers of panels and pressure scaling factors for the cantilever
wing. Static results for retrieved stacking sequence.

When considering the aeroelastic results for the retrieved stacking sequences, seen in figure 8.5, the
higher deviations from the optimum found cause the aeroelastic results to become less smooth as well,
when compared to figure 8.2. Not only can the difference in twist in the static result cause the aeroelastic
result to deviate away from the objective, but it may also cause it to deviate towards the objective and
become a better fit. When the static results closely match the objective results, the aeroelastic results
will also be a close match. However, once the static results start to deviate from the objective the
aeroelastic results can either improve or hinder the results.

Figure 8.5: Function values found for different numbers of panels and pressure scaling factors for the cantilever
wing. Aeroelastic results for retrieved stacking sequence.

Figure 8.6 shows the deformation and twist results for the static and aeroelastic results of the retrieved
stacking sequence with 12 panels for 𝑘፩ = 2.5. It can be seen in figures 8.4 and 8.5 that the objective
actually improves after the aeroelastic result. In figure 8.6 it can be seen why. The deformation for
the static result is slightly lower than the objective, at the same time there is less nose down twist. As
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less nose down twist causes higher local angles of attack the deformation increases for the aeroelastic
result.

(a) static deformation result (b) aeroelastic deformation result

(c) static twist result (d) aeroelastic twist result

Figure 8.6: Lamination parameter results for 12-panel cantilever wing with 𝑘ᑡ = 2.5. Showing the effect of twist
on the progression from the static to aeroelastic result.

Overall, the created optimization framework performs well for the cantilever wing. Improvements could
be made by, for example, including the twist angle in the objective function. Another option to consider
is to include the aeroelastic sum in the optimization routine. This would increase the computational
efforts needed for the optimization.

8.1.2. Strut-Braced Wing
For the strut-braced wing, the optimization framework was also evaluated for varying panels and pres-
sure scaling factors. It was quickly found that the optimization framework struggled with finding designs
that matched the objective deformations under load. Figure 8.7 shows the RMSD after optimizing in
the lamination parameter space. While some of the optima are certainly performing well (the RMSD is
of similar value as those found for the cantilever wing) it can be seen that the optimizer does not give
consistent results. The clearest point for this is the 8-panel wing for 𝑘፩ = 3.75, which found an optimum
far away from the other panel options. It is suspected that the optimizer gets stuck in local optima due
to the non-convexity of the problem. This is further explored in section 8.2. For 𝑘፩ = 1.25, it seems
that the optimizer got stuck in similar optima for 6, 8 and 12 panels. As mentioned before, there is no
reason for the optimizer to find very different results for the different pressure scaling factors while in
the lamination parameter space. It is therefore likely that the optimizer was unable to find the global
optimum for many of the shown runs. What is also seen is that the single-panel SBW performs notably
better than the cantilever wing. This is due to the fact that, the strut holds the center of the wing down.
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This restriction on the wing’s deformation causes the average differences in deformations to be much
smaller.

Figure 8.7: Function values found for different numbers of panels and pressure scaling factors for the strut-braced
wing. In the lamination parameter space for static results.

When looking at the aeroelastic results for the found optima in the lamination parameter space similar
results can be seen, as was shown in the previous section for the cantilever wing. Designs that are a
good match in the static evaluation are indeed also doing well when checking the aeroelastic result.
Again some deviations can be seen, which can be explained by the effect of the twist on the aeroelastic
results as explained by figures 8.3 and 8.6. What is notable, however, is that the function value roughly
doubles when comparing the static and aeroelastic results, which was (on average) much smaller for
the cantilever wing.

Figure 8.8: Function values found for different numbers of panels and pressure scaling factors for the strut-braced
wing. In the lamination parameter space for aeroelastic results.

When considering one of the better points, the 8-panel 𝑘፩ = 2.5 result, for example, shows that found
optimum is a good match, except for the area near the strut-wing-joint. For the rest of the wing, the
twist is also less, which causes the increased deformation for the aeroelastic result. When checking
the found optimum, it was seen that the strut thickness is slightly thinner than the set upper bound.
This means the differences at the strut-wing-joint would not be able to improve much.
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A similar pattern is seen for all of the results that perform well. The strut in the optimization never seems
stiff enough to keep the wing down enough. This causes higher local angles of attack, at least near the
strut-wing-joint, but also slightly overall. This in turn causes a higher lift force in the aeroelastic analysis
which gives rise to higher deformations near the tip.

The full-scale strut seems to be very stiff already, leading to issues when scaling. Equation (2.16)
showed that the bending rigidity scaling is related to the pressure scaling, Mach scaling and length
scaling: 𝑘ፄፈ = 𝑘፩𝑘ፌᑒ𝑘ኾ፛. While it does not transfer one to one since different structural concepts are
used, it means, in general, that if the pressure scaling increases the rigidity has to increase. This
means, that either the Young’s modulus (E) or the moment of inertia (I) should increase. Since material
properties can not change by large amounts this will result in a necessary increase in the I, which,
since the airfoil shape does not change, will nearly always require a larger material volume. Thus,
if the material for the full-scale design was on its upper limit of fitting in the structure it may become
impossible to fit a feasible structure for a scaled wing.

(a) static deformation result (b) aeroelastic deformation result

(c) static twist result (d) aeroelastic twist result

Figure 8.9: Lamination parameter results for 8-panel strut-braced wing with 𝑘ᑡ = 2.5. Showing the effect of twist
on the progression from the static to aeroelastic result.

After SSR, there, again, is a deviation from the objective. Since the strut and wing are not considered
together in the SSR step there is no difference in how OptiBless works between the cantilever and strut-
braced wing. Again, this step shows large fluctuations in how well the newfound laminate performs after
this step. The lowest pressure scaling factor again gives the biggest fluctuations.

The final aeroelastic results are shown in figure 8.11. It is clear, oncemore, that there is a large deviation
between the static and aeroelastic results after SSR. Some points are significantly better, such as the
𝑘፩ = 1.25 single-panel wing, which becomes the best overall design.
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Figure 8.10: Function values found for different numbers of panels and pressure scaling factors for the strut-braced
wing. Static results for retrieved stacking sequence.

Figure 8.11: Function values found for different numbers of panels and pressure scaling factors for the strut-braced
wing. Aeroelastic results for retrieved stacking sequence.

It can be seen that for the strut-braced wing the developed optimization framework performs much less
robustly. While some designs may be considered good enough for wind tunnel testing (see section 8.3,
for an analysis of the best results), the lamination parameter optimization shows strongly varying results.
It is suspected that a composite shell structure for the strut-braced wing is highly non-convex, causing
the wing to get stuck in local optima. Also the specific use-case, the AGILE H2020 SBW seems to have
a strut so stiff that it is impossible to create a scaled design with a stiff enough strut.

8.2. Initial Value Variations
It was suspected that the optimization results for the strut-braced wing may be stopping in local optima.
A similar pattern as seen for the cantilever wing, where more panels result in a better optimum, was
expected but not seen. To confirm the suspicion a multiple start point optimization was performed.
Changing the optimization framework slightly to incorporate a global searchmethod can simply be done,
using the Global Optimization toolbox, but, for research purposes, this task was performed manually
by defining multiple start points and running the optimization for each of these start points.
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8.2.1. Cantilever Wing
Figure 8.12a shows the deformation results for a single-panel cantilever wing for eleven different start
points1. These points span ten equally spread points between the lower and upper bounds and the
initial start point used in the previous section. Each of the found designs is shown in blue and whereas
the lines show slightly thicker than the objective, which indicates some variation, the lines overlap
nearly perfectly. When looking at the twist results it can be seen more clearly that some differences
are present. From figure 8.13 it becomes clear that indeed, most optima are close together. Only very
small differences are present and a change in RMSD of 0.1mm is expected to lie within the margin of
error of manufacturing the wind tunnel model.

(a) Deformations (b) Twists

Figure 8.12: Results for optima from eleven different start points, for a single-panel wing for 𝑘ᑡ = 2.5

Figure 8.13: Histogram of the objective value after optimization from eleven different start points

8.2.2. Strut-Braced Wing
For the strut-braced wing, the results were not as robust. By just looking at the deformations, shown
in figure 8.14a, without zooming in it can already be seen that the found optima are different. This is
even more visible when looking at the twist plot in figure 8.14b. The histogram in figure 8.15, which has
bars with the same width as seen for the cantilever version, clearly shows a much wider variation. This

1Since it is a single-panel wing the results are quite poor overall, this section is purely to test the robustness of the developed
framework
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indicates that the optimization is non-convex, getting stuck in local optima. While this is the case for
both the cantilever and strut-braced wing the cantilever wing was able to get close to the same (very
likely to be global) optimum in all cases. The strut-braced wing showed a great variety, indicating many
local optima, which were often far away from the global optimum.

(a) Deformations (b) Twists

Figure 8.14: Results for optima from eleven different start points, for a single-panel wing for 𝑘ᑡ = 2.5

Figure 8.15: Histogram of the objective value after optimization from eleven different start points

The amount of iterations the optimizer uses to get to the optimum value differs a lot. For the two points
of the strut-braced wing that actually did find the same optimum, one took nearly twice as long as the
other. Figure 8.16 shows the function value at every iteration of the optimizer for the two best points,
which converge to the best value, in blue and yellow. It also shows, in red, an optimization run that had
a better starting value, which converged to a local optimum.

The blue line corresponds to one of the optimizations that started with an initial design very far away
from the optimum. It quickly found a much better design but then progressed very slowly. The red
optimization run started at the best initial design but eventually got stuck after slowly progressing for
many iterations.
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Figure 8.16: Function value at each iteration for three different start point optimization runs

8.3. Framework Capabilities and Aeroelastic Verification
This section considers some of the better results for both wings to show how well the optimization
framework is capable of finding a design with static aeroelastic similarity. This is done by analyzing not
only the angle of attack at which the optimization was performed but by also considering other angles
in the test envelope.

8.3.1. Cantilever Wing
For the cantilever wing, a few promising designs were found, as was seen in figure 8.5. The 𝑘፩ = 2.5
4-panel cantilever wing was one of the options that showed a low objective value for the aeroelastic
analysis with the retrieved stacking sequences. Figures 8.17 and 8.18 show the deformation and twist
of the aeroelastic result for the found stacking sequence. It can be seen that these indeed have a close
match with the objective deformations.
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Figure 8.17: Comparison between aeroelastic deformations of full-scale and stacking sequence found after opti-
mizing with a 4-panel cantilever wing for 𝑘ᑡ = 2.5, for 𝛼 = 5 degrees

(a) Deformations (b) Twist

Figure 8.18: Aeroelastic results for the stacking sequence found after optimizing with a 4-panel cantilever wing for
𝑘ᑡ = 2.5 for 𝛼 = 5 degrees

Figure 8.19 shows the pressure distribution found by ZAERO for the full-scale and the scaled optimum
design. It can be seen that, in general, they match very well. From table 8.1 it can be seen that there
are small differences between the full-scale and scaled aerodynamic results. The rigid results are
shown as these give an indication of the error introduced due to scaling (as discussed in section 5.4).
A difference of 1.8% in the computed lift is shown for the aeroelastic (flexible) results.
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Figure 8.19: Comparison between pressure coefficients of full-scale and found optimum with the stacking se-
quence found after optimizing with a 4-panel cantilever wing for 𝑘ᑡ = 2.5, for 𝛼 = 5 degrees

Table 8.1: ZAERO results for the optimized 4-panel cantilever wing for 𝑘ᑡ = 2.5 for 𝛼 = 5 degrees

Full-scale Optimized design
COEFFICIENTS FLEXIBLE RIGID FLEXIBLE RIGID
INDUCED DRAG(CDL): 0.11398 0.10495 0.11369 0.10457
DRAG AT TRIM(CD0): 0.02149 0.02149 0.02142 0.02142
LIFT(CL): 1.01280 1.20261 0.99371 1.19827
PITCH MOMENT(CM): -0.35559 -0.44179 -0.39717 -0.49467

The differences in lift stay roughly the same for other angles of attack, as can be seen in figure 8.20.
Since the total lift coefficient changes the percentage difference does increase for lower angles of
attack. The difference in deformation actually decreases for this found design for slightly lower angles.
This is partly inherent to the fact that the total deformations are lower but this was not seen for all close
optima, for example, the 6-panel final optimized design also showed a good fit but the function values
increase for all other angles of attack. See appendix C.1, for how this optimum behaves for other angles
of attack. This is likely due to the fact that the twist of the wing was very slightly more negative over
the entire wing. This effect is increased by changing the angle. For the design shown in this section,
the mean twist was very comparable to that of the objective.
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Figure 8.20: Lift polar for full-scale and found optima (LP
and SS) after optimizing with a 4-panel cantilever wing
for 𝑘ᑡ = 2.5

Figure 8.21: RMSD with full-scale deformation for best
optimization result with a 4-panel cantilever wing for
𝑘ᑡ = 2.5

The deformations shown before were those at the angle of attack for which was optimized (5 degrees).
Figures 8.22 to 8.24 show the deformation, twist and pressure coefficient results for an angle of attack
of 3 degrees. These show a very good match overall with the full-scale reference wing.

Figure 8.22: Comparison between deformations of full-scale and found optimum with the stacking sequence found
after optimizing with a 4-panel cantilever wing for 𝑘ᑡ = 2.5, for 𝛼 = 3 degrees
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(a) Deformations (b) Twist

Figure 8.23: Aeroelastic results for the stacking sequence found after optimizing with a 4-panel cantilever wing for
𝑘ᑡ = 2.5 for 𝛼 = 3 degrees

Figure 8.24: Comparison between pressure coefficients of full-scale and found optimum with the stacking se-
quence found after optimizing with a 4-panel cantilever wing for 𝑘ᑡ = 2.5, for 𝛼 = 3 degrees

For an even larger difference in angle of attack the deviations from the full-scale become larger. Fig-
ures 8.25 to 8.27 show the deformations, twist and pressure coefficients for an angle of attack of 1 de-
gree.

The optimization was run for an angle of attack of 5 degrees. While this was necessary to check the
strength requirements directly, as it was the test-case with the highest forces, it may be better to add a
low angle as well and use two angles for a multi-objective optimization. While more likely to give good
results throughout the test envelope, it would add computational efforts.
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Figure 8.25: Comparison between deformations of full-scale and found optimum with the stacking sequence found
after optimizing with a 4-panel cantilever wing for 𝑘ᑡ = 2.5, for 𝛼 = 1 degrees

(a) Deformations (b) Twist

Figure 8.26: Aeroelastic results for the stacking sequence found after optimizing with a 4-panel cantilever wing for
𝑘ᑡ = 2.5 for 𝛼 = 1 degrees
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Figure 8.27: Comparison between pressure coefficients of full-scale and found optimum with the stacking se-
quence found after optimizing with a 4-panel cantilever wing for 𝑘ᑡ = 2.5, for 𝛼 = 1 degrees

8.3.2. Strut-Braced Wing
For the strut-braced wing the aeroelastic results were overall much poorer, thus finding a good structural
match for all angles of attack is expected to also perform less well. The best design found was for a
single panel wing at 𝑘፩ = 1.25, as was seen in figure 8.11. This section shows how this design performs
throughout the test envelope.

From figures 8.28 and 8.29 it can be seen that, even though the main wing is in general a good match
for the deformations, the strut bends a lot. The strut was incorporated in the objective function but a
smaller density of points was used than for the main wing, making it of lesser importance for the overall
function value. From figure 8.28 it can be seen that at the joint the original wing had more nose down
twist, while at the tip the optimized design had slightly more deformation.

Figures 8.30 and 8.31 show the pressure coefficients over the main wing and the strut. While the
main wing seems to be a reasonable match, the strut shows significant differences. These can be
explained by the fact that the strut bends and twists very differently. When zooming in on the strut in
figure 8.32a, this twist difference seems small but since the chord length is also very small the change in
twist is actually on average 0.45∘. Figure 8.32b shows the twists for the objective and optimum design
along the span. Here it can also clearly be seen that in the middle part of the strut the difference in
twist is largest, roughly 1∘, which is also where the pressure coefficient shows the largest difference in
figure 8.31.
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Figure 8.28: Comparison between deformations of full-scale and found optimum with the stacking sequence found
after optimizing with a 1-panel strut-braced wing for 𝑘ᑡ = 1.25, for 𝛼 = 5 degrees

(a) Deformations (b) Twist

Figure 8.29: Aeroelastic results for the stacking sequence found after optimizing with a 1-panel strut-braced wing
for 𝑘ᑡ = 1.25 for 𝛼 = 5 degrees
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Figure 8.30: Comparison between pressure coefficients of full-scale and found optimum with the stacking se-
quence found after optimizing with a 1-panel strut-braced wing for 𝑘ᑡ = 1.25, for 𝛼 = 5 degrees

Figure 8.31: Comparison between pressure coefficients of full-scale and found optimum with the stacking se-
quence found after optimizing with a 1-panel strut-braced wing for 𝑘ᑡ = 1.25, for 𝛼 = 5 degrees. Side view of
strut
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(a) Zoomed in deformations on strut (b) Strut twist1

Figure 8.32: Aeroelastic results for the stacking sequence found after optimizing with a 1-panel strut-braced wing
for 𝑘ᑡ = 1.25 for 𝛼 = 5 degrees

The overall wing aerodynamic coefficients do differ too, even though only major differences were seen
on the strut and not on the main wing, which is the main contributor to the overall aerodynamics.
The lift coefficient changes with 6.6% between the full-scale and optimized design results. Again, the
magnitude of this difference stays roughly the same for different angles as can be seen in figure 8.33.
Relatively the difference does increase for lower angles of attack.

Figure 8.33: Lift polar for full-scale and found optima
(LP and SS) after optimizing with a 1-panel strut-braced
wing for 𝑘ᑡ = 1.25

Figure 8.34: RMSD with full-scale deformation for best
optimization result with a 1-panel strut-braced wing for
𝑘ᑡ = 1.25

The difference in deformations for the various angles is shown in figure 8.34, which shows that the
function value actually decreases for most of the other (lower) angles. While this was also the case
for the specific case shown in the previous section, this also seems more inherent to the strut-braced
wing design. Since the wing is held down by the strut halfway along the span this point will always be
a relatively good match. For lower angles of attack, the total deformations are lower which results in
smaller differences between designs. This has not been tested for all found strut-braced wing designs
but the ones that were checked all showed this pattern. As an example, appendix C.2 shows the results
for the 8-panel 𝑘፩ = 2.5 results, this point had a significantly higher function value than the one shown
in this section but was one of the lowest other results, the same pattern was seen here.

1Only a few points (the original node location leading and trailing edges) were considered for this plot which is why it is very
coarse.
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Table 8.2: ZAERO results for the optimized 1-panel strut-braced wing for 𝑘ᑡ = 1.25 for 𝛼 = 5 degrees

Full-scale Optimized design
COEFFICIENTS FLEXIBLE RIGID FLEXIBLE RIGID
INDUCED DRAG(CDL): 0.11436 0.10641 0.11362 0.10631
DRAG AT TRIM(CD0): 0.02148 0.02148 0.02147 0.02147
LIFT(CL): 0.90256 1.21933 0.96251 1.21827
PITCH MOMENT(CM): -0.34195 -0.48610 -0.35406 -0.48662

Again multiple angles of attack are considered to show how well the wing would match in the rest of the
test envelope. Figures 8.35 to 8.38 show the deformation, twist and pressure coefficients at this angle.
The deformations are still a very close match, as the bending of the strut is reduced in this case due to
the lower load. It can be seen that overall there is again a slightly lower nose down twist, resulting in
slightly higher forces and pressure coefficients.

Figure 8.35: Comparison between deformations of full-scale and found optimum with the stacking sequence found
after optimizing with a 1-panel strut-braced wing for 𝑘ᑡ = 1.25, for 𝛼 = 3 degrees
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(a) Deformations (b) Twist

Figure 8.36: Aeroelastic results for the stacking sequence found after optimizing with a 1-panel strut-braced wing
for 𝑘ᑡ = 1.25 for 𝛼 = 3 degrees

Figure 8.37: Comparison between pressure coefficients of full-scale and found optimum with the stacking se-
quence found after optimizing with a 4-panel strut-braced wing for 𝑘ᑡ = 1.25, for 𝛼 = 3 degrees
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Figure 8.38: Comparison between pressure coefficients of full-scale and found optimum with the stacking se-
quence found after optimizing with a 4-panel strut-braced wing for 𝑘ᑡ = 1.25, for 𝛼 = 3 degrees. Side view of
strut

For an angle of attack of 1 degree, as seen in figures 8.39 to 8.42, the results are also still matching
quite closely. Still, the overall negative twist is smaller, resulting in slightly higher forces and pressure
values. The lower loads result in a better matching strut.

Overall this optimum design for the strut-braced wing showed good results in the entire test envelope.
Because the twist was less negative than the objective the deformations were slightly higher. This was
the case for all optimized designs. Updating the objective function to include the twist may help to
improve this as the strut tries to prevent further twist, especially near the strut-wing-joint.
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Figure 8.39: Comparison between deformations of full-scale and found optimum with the stacking sequence found
after optimizing with a 1-panel strut-braced wing for 𝑘ᑡ = 1.25, for 𝛼 = 1 degree

(a) Deformations (b) Twist

Figure 8.40: Aeroelastic results for the stacking sequence found after optimizing with a 1-panel strut-braced wing
for 𝑘ᑡ = 1.25 for 𝛼 = 1 degree
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Figure 8.41: Comparison between pressure coefficients of full-scale and found optimum with the stacking se-
quence found after optimizing with a 4-panel strut-braced wing for 𝑘ᑡ = 1.25, for 𝛼 = 1 degree

Figure 8.42: Comparison between pressure coefficients of full-scale and found optimum with the stacking se-
quence found after optimizing with a 4-panel strut-braced wing for 𝑘ᑡ = 1.25, for 𝛼 = 1 degree. Side view of
strut
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Conclusions

This thesis developed an optimization framework for the design of a composite shell static aeroelasti-
cally scaled wind tunnel model which represents the aeroelastic characteristics of a full-scale reference
model. Such models are needed for the aeroelastic wind tunnel testing of flexible wings, as this allows
the aerodynamic performance to be evaluated in the actual flight shape rather than for a jig shape only.
Two wing concepts were analyzed, the non-conventional strut-braced wing from the H2020 AGILE
project and a cantilever version of the same wing. This wing is very slender and thin, leaving little room
for structural components, which was the reason for the composite shell concept. A bi-step optimization
framework was chosen, where the first step optimizes the laminate in the continuous lamination pa-
rameter space and the second step retrieves a stacking sequence that most closely matches the found
parameters. The lamination parameter optimization is done for a single angle of attack and by using
a static FEM analysis in the optimization loop. This was done as it greatly reduces the computational
effort required, as opposed to using a multi-objective (multi angle of attack) and/or aeroelastic analy-
sis. If a proper match is found, the static and aeroelastic result should become the same and should
then also match for all angles. The second optimization step was performed using an open-source
tool, OptiBless, which uses a genetic algorithm to find laminates that best match the found lamination
parameters. The optimization framework was analyzed for varying numbers of laminate panels and for
varying starting points.

9.1. Conclusions
It was found that the optimization framework performed well for the cantilever wing. The optimal designs
found in the continuous lamination space were matching very closely in terms of deformation when
multiple laminate panels were used. The optimization framework was consistent in finding matching
designs in the lamination parameter space for the cantilever wing.

The twist difference that is present after optimization using a static force has a large influence on the
aeroelastic result found with that optimized design. If the leading edge was slightly higher and the
trailing edge slightly lower this would increase the deformation of the wing for the aeroelastic sum. A
result with the same RMSD of the deformations in which both the leading and trailing edge were very
slightly more upwards would not see this change in the aeroelastic step.

For the cantilever wing, the biggest variations were caused by the stacking sequence retrieval step. A
feasible laminate can either be close or far from the found lamination parameters. Still, the optimization
framework was capable of finding stacking sequences that resulted in a good overall match. For the
stacking sequence retrieval step, it was found useful that thicker laminates are used as this creates
a larger design space. Thus, using higher pressure scaling factors is favorable for this reason. The
stacking sequence retrieval step was handled by an open-source tool and was not specifically altered
for the purpose of this research. Not all manufacturing design rules were turned on in OptiBless.
This means some retrieved stacking sequences may not adhere to all design rules, such as having

87
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a maximum number of plies in the same direction in a row. At the same time, the ply angles were
restricted to only 45 degree steps, this could be lowered and still be relatively easy to manufacture.

For the strut-braced wing, it was found that the continuous lamination parameter optimization step
was inconsistent in finding matching designs. It was found that this was due to non-convexities in the
objective function. While these were also present in the cantilever wing, those optimizations converged
to the same optimum much more often. Furthermore, those runs that were unable to find the global
optimum were very close to it. A multi-start optimization could make it much more likely the global
optimum is found, however, it would significantly increase the computational costs. In this thesis, eleven
different starting points were chosen manually and two converged to the same minimum point for the
strut-braced wing, it is, however, unknown whether this point is the global optimum. Using more than
eleven starting points would be even better to make sure a global optimum is found.

For the strut-braced wing a matching design was still found after stacking sequence retrieval but finding
it with the developed framework is not guaranteed and can take a lot of time.

It was also found that the strut of the strut-braced wing had to be incredibly stiff in order to hold the
wing down enough, which caused the thickness of the strut’s laminate to converge towards the upper
bound. This might, however, be inherent to the chosen reference wing, which had an already very stiff
full-scale strut. In the general sense, however, a full-scale reference wing that already uses a lot of
material volume in its design may not be fit for static aeroelastic scaling.

9.2. Recommendations
Based on the results of this thesis several recommendations can be made. Recommendations are
made in this section for changes in the optimization framework and future research related to this topic.

A clear requirement on how well a design has to elastically match to be sufficient in wind tunnel testing
was not found. Investigations into this and the incorporation of correction models in the wind tunnel
testing will have to be analyzed and validated in future research.

It should be investigated whether incorporating the twist angle in the objective function leads to designs
that will have a better match between the static and aeroelastic results. Incorporating an aeroelastic
sum directly within the optimization loop may also be beneficial if computation-time is not a large con-
cern. Using a multi-objective optimization, to incorporate multiple angles of attack within the optimiza-
tion loop, will also lead to better the results but would increase computation time.

The stacking sequence step caused large differences between the optimum designs found in the lam-
ination parameter optimizations and the final designs with retrieved stacking sequences. The tool was
run only once to get the results shown in this thesis, while, due to the random nature of the genetic
algorithm, it was found that a better point is sometimes found when running again. For larger panel
numbers in particular this could make a difference. Furthermore, the settings used by the stacking
sequence retrieval step should be investigated, many manufacturing constraints were turned off at this
point. Increasing the ply angle possibilities, however, may aid this step, as in this thesis 45 degree
steps were used.

The strut-braced wing optimizations seemed to get stuck in local optima. It would be interesting to
investigate if this is inherent to the strut-braced wing design for other types of optimization studies as
well. Another possible cause is the specific combination of a composite shell and the strut-braced wing,
it therefore would be interesting to investigate different model concepts.

Since the strut-braced wing optimizations are highly non-convex, investigating the use discrete optimiz-
ers to optimize strut-braced wing designs could be of interest. Investigations into different optimization
strategies not priorly used for these types of optimizations, such as using surrogate models, could also
be an interesting topic for future research.

Varying the degrees of freedom while doing the multiple start point analysis may be useful to confirm
the best option. It is possible that the ball-joint options are even more convex and therefore seemed to
perform worse than the completely rigid design, while actually capable of being better if the true global
optimum would be found.
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A
CFD Plots

This appendix shows additional angles of attack, that where computed to show the effect of a change
in Reynolds number, as discussed in section 4.2. All figures are for M=0.78 at cruise conditions for
the full-scale results and same mach number but scaled Reynolds number flow for lowered Reynolds
number results. The mesh between both CFD results was the same as only the flow conditions and
not the grid was scaled.

Top figures show lowered Reynolds number, bottom shows full scale results. Left figures show pres-
sure distribution over top surface in Pascals, middle shows the pressure distribution over the bottom
surface in Pascals and the right figure shows the deformations in meters.

Figure A.1: CFD results for 𝛼 = −2.5∘
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94 A. CFD Plots

Figure A.2: CFD results for 𝛼 = 0∘

Figure A.3: CFD results for 𝛼 = 2.5∘
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Figure A.4: CFD results for 𝛼 = 5∘

Figure A.5: CFD results for 𝛼 = 7.5∘





B
Program Diagrams

This appendix shows diagrams that contain the structure of the MATLAB program(s) used in this thesis
research. The legend, in figure B.1, shows the meaning of each type of box; input, functions, interme-
diate data and output and also text files that are used by the solvers used in this thesis. The orange
boxes in the general overview, seen in figure B.2, correspond to the separate diagrams that explain
that specific function further.

Figure B.1: Legend for the program overview figures
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Figure B.2: General overview of the steps
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Figure B.3: Full-scale aeroelastic steps
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Figure B.4: Lamination parameter optimization function overview
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Figure B.5: Lamination parameter aeroelastic computation steps

Figure B.6: Stacking sequence retrieval steps
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Figure B.7: Stacking sequence function value computation steps

Figure B.8: Stacking sequence aeroelastic computation steps



C
Additional Results

This appendix shows additional results, one for each of the wings.

C.1. Cantilever Wing, Optimum Design for 6-Panels and 𝑘𝑝 = 2.5
The results for three different angles of attack: 5 (for which was optimized), 3 and 1 degrees are shown
in the sections below. The variation of the wing lift coefficient and the function value for varying angles
is shown in the figure directly below.

Figure C.1: Lift polar for full scale and found optima (LP
and SS) after optimizing

Figure C.2: RMSD with full scale deformation for best
optimization result vs angles of attack
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Angle of attack of 5 degrees

(a) Deformations (b) Twist

Figure C.3: Aeroelastic results for optimized design

Figure C.4: Comparison between pressure coefficients of full scale and found optimum design
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Angle of attack of 3 degrees

(a) Deformations (b) Twist

Figure C.5: Aeroelastic results for the stacking sequence found after optimizing

Figure C.6: Comparison between pressure coefficients of full scale and found optimum design
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Angle of attack of 1 degree

(a) Deformations (b) Twist

Figure C.7: Aeroelastic results for the stacking sequence found after optimizing

Figure C.8: Comparison between pressure coefficients of full scale and found optimum design
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C.2. Strut-Braced Wing, Optimum Design for 8-Panels and 𝑘𝑝 = 2.5
The results for three different angles of attack: 5 (for which was optimized), 3 and 1 are shown in the
sections below. The variation of the wing lift coefficient and the function value for varying angles is
shown in the figure directly below.

Figure C.9: Lift polar for full scale and found optima (LP
and SS) after optimizing

Figure C.10: RMSD with full scale deformation for best
optimization result vs angles of attack

Angle of attack of 5 degrees

(a) Deformations (b) Twist

Figure C.11: Aeroelastic results for optimized design
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Figure C.12: Comparison between pressure coefficients of full scale and found optimum design

Figure C.13: Comparison between pressure coefficients of full scale and found optimum design. Side view of strut
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Angle of attack of 3 degrees

(a) Deformations (b) Twist

Figure C.14: Aeroelastic results for optimized design
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Figure C.15: Comparison between pressure coefficients of full scale and found optimum design

Figure C.16: Comparison between pressure coefficients of full scale and found optimum design. Side view of strut
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Angle of attack of 1 degree

(a) Deformations (b) Twist

Figure C.17: Aeroelastic results for optimized design
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Figure C.18: Comparison between pressure coefficients of full scale and found optimum design

Figure C.19: Comparison between pressure coefficients of full scale and found optimum design. Side view of strut
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