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summary

Innovative morphing wings technology has the capacity to greatly enhance aircraft capabilities. How-
ever, its intricate relationship between aerodynamics and structural integrity necessitates an aerostruc-
tural analysis. Dassault Systémes’ 3DExperience offers aComputer-Aided Design (CAD)-based soft-
ware with integrated tools for both structural and aerodynamic analysis. This can streamline the design
process by eliminating the need for separate input and output files for various programs.

This thesis delves into the aerostructural analysis of a transonic transport aircraft, specifically examining
the span-wise trailing edge morphing wing within the 3DExperience software. Given the lack of an
aerostructural framework within the software, this study focuses on a one-way coupled aerodynamic
to structural analysis. To achieve this, the Common Research Model (CRM) and undeflected Common
Research Model (UCRM) serve as benchmark models for the methodology.

The airfoil’s trailing edges at four positions on the outboard wing are altered to achieve the desired
morphing effect. This is accomplished by combining the PARSEC parameterisation method and 3DEx-
perience’s spline creation capabilities. The implemented Computational Fluid Dynamics (CFD) solver
utilises the Reynolds-Averaged Navier-Stokes (RANS) equations and incorporates three different tur-
bulence models. However, it should be noted that the student license of 3DExperience has a 5 million
node limitation on the aerodynamic model, which affects the domain size and boundary layers in the
mesh. A linear analysis is employed in terms of structural analysis, and the implemented solver is
based on Abaqus. The wing fuel tank is divided into six sub-tanks to model the fuel accurately. Engine
load is represented as a point load and is transferred to the surrounding ribs. Finally, spatial varying
mapped data with search tolerance is utilised to implement the aerodynamic loads on the structural
mesh.

The validity of the aerodynamic and structural models has been established through verification with
the baseline geometry. However, the mesh convergence study has revealed that the current node limit
is insufficient. This is supported by the normalised wall distance, which should ideally be around 1 for
transonic conditions and the shortcomings in the automatic meshing. Initial analysis of the structural
mesh with a basic tip load demonstrated some level of convergence, but it was not fully achieved when
the node limit of 1 million nodes was reached. Furthermore, the mesh convergence study of all loads
highlighted some unusual behaviour.

In order to evaluate the impact of a morphing trailing edge on an unmorphed baseline wing, two test
cases were utilised to assess the methodology: a high-lift wing and an efficient wing in terms of lift over
drag. The parameters selected for these tests were based on transonic design principles, but are not
the final optimised solution.

The results show that the high-lift wing has an increased lift and drag coefficient and decreased lift-to-
drag ratio than the unmorphed baseline wing. In contrast, The efficient wing shows a decreased lift
and drag coefficient, but an increased lift-to-drag ratio. Upon closer examination of the aerodynamic
outcomes, it was observed that the outboard changes had an impact on the flow of the inboard wing,
and that the morphing of the trailing edge affected the flow in front of the aft spar.

The structural results show the correlation between the lift coefficient and the maximum displacement
in z - direction. Overall, it is apparent that the engine and fuel tank have a more pronounced impact on
the twist distribution at lower lift coefficient wings.

The present research exhibits the preliminary stages of an aerostructural analysis carried out within the
3DExperience environment. While a promising start, this effort represents a small contribution towards
the practical implementation of span-wise trailing edge morphing wings in transonic aircraft.
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Introduction

The aviation industry, a vital component of the global economy, has long been recognised as a major
emitter of greenhouse gases. These emissions, released directly into the upper atmosphere where
their impact is amplified, play a crucial role in the complex web of climate change. Aviation is respon-
sible for approximately 2,5% of global CO2 emissions[1]. The European Commission (EC) has set
ambitious goals to reduce net greenhouse gas emissions by 55 % by 2030 and aims to achieve a
remarkable 90 % reduction in transport emissions by 2050[2]. This situation presents a compelling
challenge: enhancing the efficiency of aircraft models to mitigate their climate impact effectively. One
promising technology for aviation is morphing.

1.1. Wing Morphing

Morphing comes from the Greek word ‘morphos’, which means shape[3]. Wing morphing allows for
dynamic shape and structural changes often in the wing, adapting to various flight conditions with
conflicting requirements. This innovative approach has been present since the early days of aircraft
development, with the Wright brothers using twist morphing for roll stability[4] and Otto Lilienthal utilising
variable camber in his glider design[5]. Multiple aircraft with morphing capabilities were developed
between 1985 and 1990, as shown in Table 1.1.

Table 1.1: Morphing concepts between 1895 and 1990[5, 6].

Year Aircraft Morphing Concept | Year Aircraft Morphing Concept
1895 Otto Lilienthal Glider variable camber 1964 XB-70 Valkyrie span morphing
1903  Wright Brothers’ flyer twist morphing 1966 SU 171G variable sweep
1920 Parker variable wing variable camber 1967 MiG-23 variable sweep
1931  Pterodactyl IV variable sweep 1967 SU 24 variable sweep
1931 MAK-10 span morphing 1969 Tupolev TU-22M  variable sweep
1932  Nikitin-Schevchenko 1S-1  bi- to monoplane 1970 F-14 Tomcat variable sweep
1937 Bakshaev RK/LIG-7 variable chord 1972 FS-29 Glider span morphing
1944 Messerschmitt P.1101 variable sweep 1974 B-1 Lancer variable sweep
1947 MAK-123 span morphing 1974 Panavia Tornado variable sweep
1951 Bell X5 variable sweep 1981 TU 160 variable sweep
1952 Grumman XF10F Jaguar variable sweep 1985 AFTI/F-111 MAW  variabie sweep &
1964 F111 Aardvark variable sweep camber

The research projects towards morphing wings began in the 1980s when National Aeronautics and
Space Administration (NASA) initiated both the Active Flexible Wing (AFW)[7] and the Mission Adaptive
Wing (MAW) program[8]. In 1995, the German Aerospace Center DLR launched research on morphing
concepts in Europe with the Adaptive Wing (ADIF) project[9]. Numerous subsequent projects followed,
including the Morphing Aircraft Structures (MAS) project, the Aircraft Morphing program[10], the Smart
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Wing Program[11], the New Aircraft Concepts Research (NACRE) project[12], the Smart Fixed Wing
Aircraft project[13], Smart High Lift Devices for Next Generation Wings (SADE) project[14], Modelling of
Adaptive Wing Structures (MAWS) project, the Smart Intelligent Aircraft Structures (SARISTU) project
and the Combined morphing assessment software using flight envelope data and mission-based morph-
ing prototype wing development (CHANGE) project. The European Union (EU)’s most recent research
program, Clean Sky 2, includes three morphing concepts for a regional aircraft: a morphing droop nose
concept, a multifunctional flap, and an adaptive winglet[15]. In 2014, NASA collaborated with FlexSys
Inc. to test their FlexFoil Adaptive Compliant Trailing Edge (ACTE) system on a Gulfstream GllII to
demonstrate the technology’s structural feasibility and resilience[16].

1.1.1. Morphing Concepts

Table 1.1 shows that morphing can occur on various aspects of the wing, affecting its performance.
Breuker et al.[5] classified morphing into local and global morphing. Local morphing involves altering
the wing’s cross-sectional shape, primarily affecting the aerodynamic properties of the airfoil. Airfoil
camber and thickness modifications are two examples of local morphing. Global morphing refers to
alterations made throughout the entire wing span that impact the overall wing configuration. This is
accomplished by segmenting the wing into multiple parts that can morph individually or in coordination.
For instance, global morphing includes wing sweep or wing twist. Figure 1.1 shows the difference
between local and global morphing.

Beam element

Wing segment

Global morphing

Global morphing actuators

~Inter-rib mechanism

“\_Intra-rib mechanism

Local morphing
Local morphing actuators

Figure 1.1: Local and Global morphing on a wing[5]

One can employ local morphing techniques, such as span-wise camber morphing, across the entire
wing to merge the two morphing types. The trailing edge is particularly interesting for morphing in terms
of aerodynamics and structure, as itis commonly used for flaps and ailerons. As a result, many studies
have focused on developing and analysing trailing edge morphing concepts[17, 18, 19].

1.1.2. Analysis of a Morphing Wing

Two primary methods exist for developing a model capable of assessing the performance of a trailing
edge morphing wing. The first method starts by creating a morphing mechanism, while the second
technique uses a shape analysis. The shape analysis explores a broader design and enables the
development of a tailored morphing mechanism. This method employs an iterative geometry process
to determine the optimal design that meets the specifications. This requires the geometry to be easily
modifiable.

The main goal of a morphing wing is to minimise fuel usage by enhancing the wing’s aerodynamic
efficiency. However, morphing wings establish an intricate relationship between aerodynamics and
structural integrity. Consequently, an analysis of morphing wing performance demands integrating a
coupled aerodynamic and structural analysis, also referred to as aerostructural analysis.
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1.2. Aerostructural Analysis

As mentioned in the previous section, evaluating the performance of a trailing edge morphing wing
requires conducting an aerostructural analysis. This type of analysis evaluates how the aerodynamic
loads impact the structural design of an aircraft’s wings while also considering how the structural re-
sponse affects the aerodynamic loads. It is crucial to conduct a comprehensive analysis from both
perspectives to establish the connection between aerodynamic forces and the system’s structural re-
sponse. This can be achieved by solving the governing equations simultaneously, or by coupling the
aerodynamic and structural analysis. The latter method is commonly used as it allows for the integration
of existing flow solvers and structural solvers.

To perform aerostructural analysis, solvers with different levels of fidelity are employed, ranging from
low to high. Although low-fidelity solvers are generally faster and require less computational power than
high-fidelity solvers, they may not be able to capture complex phenomena. Studies have shown that
even minor changes in a wing’s shape can significantly affect its aerodynamic performance, especially
in the transonic regime[20]. Therefore, it is necessary to use aerodynamic solvers with sufficient fidelity
to accurately capture the effects of design changes.

A commonly used high-fidelity method to analysing aerodynamics is using CFD. CFD employs mathe-
matical models and numerical techniques to replicate fluid flows and resolve the Navier-Stokes equa-
tions that dictate fluid movement. These equations outline the preservation of mass, momentum, and
energy in a fluid.

For structural analysis, Finite Element Analysis (FEA) is commonly used. FEA divides a complex sys-
tem into smaller, simpler elements, allowing for simulation and analysis of its behaviour under various
conditions. The number and size of the elements describe the level of detail of the simulation.

The coupling method is required when between the aerodynamic and structural results for the aerostruc-
tural analysis. Both aerodynamic and structural analysis use meshes to represent the geometry. When
the meshes share nodes, connecting them is straightforward. However, as the meshes have different
requirements, they often do not match. de Boer et al. [21] have reviewed coupling methods on non-
matching meshes, such as nearest neighbour and radial basis function. Nonetheless, the compatibility
and effectiveness of the coupling method are greatly influenced by the software and input-output files
being used.

1.2.1. Software

Nowadays, multiple software programs can perform individual structural or aerodynamic analyses.
However, this can make the process more complex as it requires manually rewriting output files and
connecting various tools. A promising CAD-based software is 3DExperience by Dassault Systémes.
CAD-based modelling is the industry standard for creating geometric models and offers many advan-
tages, such as automated documentation of changes and tracking of parameters. This is particularly
relevant for this thesis, which focuses on changing the trailing edge shape. The software also in-
cludes both integrated structural FEA and aerodynamic CFD analysis tools. Kanaparthi et al.[22] have
demonstrated the software’s potential by performing a multidisciplinary optimization of a wing using
3DEXxperience.

1.3. Research Objective

The previous sections show that the 3DExperience software has the potential to assess the perfor-
mance of trailing edge morphing wings. However, given the current lack of a fully coupled aerodynamic
and structural analysis framework within the software, this thesis will instead focus on a one-way cou-
pled aerostructural analysis, as shown in Figure 1.2. For the geometry, this thesis focuses a transonic
transport aircraft due to its widely utilised in the aviation industry, as well as the accessibility of the
CRM. This results in the following research objective :

“to develop a one-way coupled aerodynamic and structural assessment method in 3DExperience to
analyse a span-wise trailing edge morphing wing on a transonic transport aircraft.”
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Figure 1.2: The one-way coupled aerostructural analysis framework

The research is divided into two main parts to achieve this objective. The first part focuses on creating
a method capable of assessing the performance of a trailing edge morphing wing in 3DExperience.
This results in the following research questions:

1. How can modifiable wing geometry be created in 3DExperience?

2. How can a span-wise trailing edge morphing wing be modelled in 3DExperience?

3. How can the 3DExperience platform be used to perform aerodynamic and structural analysis?
4. How can the structural and aerodynamic analysis be coupled?

5. What are the limitations of 3DExperience?

The second part focuses on the results of assessing a trailing edge morphing wing. The thesis uses
two test cases of morphing trailing edge cases to compare the influence on the performance of the
baseline wing. This results in the following research questions:

6. What are the effects of the morphing wing on the drag and aerodynamic efficiency?
7. What are the local effects of the morphing wing on the flow over the airfoil?
8. How does the morphing affect the deformation of the wing in terms of displacement and twist?

1.4. Report Outline

The report starts with the methodology. In chapter 2, the approach used to analyse the morphing wings
in 3DExperience is outlined, with a focus on the first part of the research. This section explains the setup
of the geometrical, aerodynamic, and structural models, including a discussion of the two test cases.
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chapter 3 delves into the verification of the methodology, which involves a mesh convergence study
of both the aerodynamic and structural model, as well as a quality analysis of the aerodynamic mesh.
Moving forward, chapter 4 provides an in-depth analysis of the results, with a particular emphasis on
the second part of the research. Finally, the thesis is concluded in chapter 5, where recommendations
are also presented.



Methodology

This chapter discusses the methodology of the thesis. The methodology consists of a geometrical,
aerodynamic, and structural model. The whole methodology is developed within the limits of 3DEx-
perience with an academic license. The limits of this license will be discussed in the corresponding
sections.

2.1. Geometrical Model
3DExperience Apps: Generative Shape Design, Engineering Rules Capture

3DExperience has been used as the industry standard to make CAD-based geometrical models. It has
been utilised for its seamless transitions and robust capabilities in the creation of smooth, intricate ge-
ometries. With the ability to generate parameter sets, 3DExperience enables the expansion of designs
into the realm of parametric design. This capability streamlines the creation of intricate geometries
and facilitates dynamic modifications. This section outlines the methodology behind the geometrical
model and starts with the benchmark model and planform. Utilizing a CAD-based modelling approach,
the structural elements essential for structural analysis are explicitly modelled, which are outlined in
this section. Finally, the airfoil parameterisation required to achieve the trailing edge morphing is dis-
cussed. The trailing edge morphing is only applied to the outboard wing due to the common presence
of an inboard flap.

2.1.1. Benchmark Model

This thesis focuses on the analysis of a transonic transport aircraft. In the realm of aircraft design,
opting for a benchmark model is a widespread strategy employed to sidestep the need to create an
aircraft entirely from the ground up. The CRM is a geometric representation of a generic transport
aircraft, specifically designed for research purposes[23]. The CRM, developed through a collaboration
between NASA and Boeing, derives its geometry from the Boeing 777 and is specifically tailored for
aerodynamic analysis. This means that the wing is deflected in its 1 — ¢ flight condition. Brooks et
al.[24] introduced the uCRM to enhance its functionality for aeroelastic analysis. The uCRM features
an undeflected wing that allows for in-depth exploration of the interaction between aerodynamics and
structural dynamics. Due to the research objective, the uUCRM is chosen as the benchmark model and
will be used as a basis for developing the geometrical model.

The geometrical model in this thesis consists of a fuselage-wing-tail configuration without an engine
geometry. The fuselage geometry consists of a half model and is directly imported into 3DExperience
with a .stp file. The geometric configuration is modified to achieve a complete enclosure along the
symmetry axis, thereby eliminating any holes or openings within the structure. The wing geometry is
rebuilt in 3DExperience to be able to be easily modified. This process leverages the parameters and
airfoil specifications inherent to the uCRM.
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Table 2.1: uCRM planform
specifications[24]

Parameter Symbol | Value
span [m] b 59.29
Side of Body chord [m] | Cson 11.92
Yehudi chord [m] Cy 7.26
Tip chord [m] Ct 2.736
Taper ratio [-] A 0.275
1/4 chord sweep [deg] | A 35

Figure 2.2: The Planform Parameterisation

2.1.2. Planform parameterization

The wing planform is defined using the given specification parameters of the uCRM wing by Brooks et
al.[24]. The resulting planform parameterisation is shown in Figure 2.2. By implementing the values
presented in Table 2.1, the uCRM wing shape can be replicated. This method is versatile and can
accommodate a range of other designs as well as shown in Figure 2.1.

M
-

(a) A slender high sweep, low aspect ratio planform (b) A high sweep, high aspect ratio planform

Figure 2.1: Demonstration of the modifiability of the planform parameterisation

The root chord of the trapezoidal wing,C,,, is calculated with the taper ratio, A, using:
Cry =X Cy (2.1)

The wing is modelled from the wing-fuselage intersection or Side of Body to the tip. The Side of Body
span, bs,p is determined using the geometry of the fuselage of the uCRM. This involves scaling the
fuselage geometry using the Side of Body chord, Cs,g, at the wing-fuselage intersection. To ensure
a smooth transition to the wing planform, bg,p is increased by 20mm, and a blended surface is added
between the fuselage and wing planform. When comparing the wing to the original u~CRM wing, it
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was found that the scaled model had a slightly increased span. As a result, the span is increased
accordingly to achieve a comparable wing.

To create the shape of the wing, airfoils from the uCRM are placed at eight locations along the span,
labelled as P1 to P8. The wing is then split at the Yehudi into an inboard and outboard section. The
inboard wing is divided into two sections, while the outboard wing is divided into five sections. The in-
tersections of these sections are used to implement the uCRM airfoils. Figure 2.3 shows wing planform
and the eight positions where the airfoils are implemented.

Figure 2.3: The planform sections

2.1.3. Structural Sizing

The geometrical model for structural analysis includes ribs, spars, and stiffeners, all of which are ex-
plicitly modeled using surface geometries. According to the design specifications of the uCRM[25], the
front spar is located at 10% of the Side of Body and 35% of the tip chord, while the aft spar is situated
at 60% of their respective chords at the Side of Body and tip.

Reoccurring structural components such as ribs and stiffeners can be efficiently modelled through the
automation features available in 3DExperience. By utilising Unser Defined Feature (UDF) as templates,
designers can create complex geometric features by combining and modelling existing features. The
Engineering Rules Capture app allows for the creation of Knowledge Patterns using Enterprise Knowl-
edge Language (EKL)-language. As the EKL-language is not a common used programming language,
3DExperience has an integrated support tool with examples and a search function. By using Knowledge
Patterns to automatically generate UDFs, structural elements can be automatically generated.

Rib Generation

Wing ribs have a fundamental role in shaping and maintaining the cambered profile of the wing, trans-
ferring aerodynamic loads from the skin and stringers to the spars, and providing stability against panel
buckling. Ribs also transfer local loads to the structure such as the fuel in the wings, engines, etc. The
ribs are positioned continuously from the leading edge to the trailing edge within the inboard wing. In
the outboard wing, trailing edge morphing capabilities are present, resulting in the extension of ribs
from the leading edge to the aft spar. To ensure the proper alignment of ribs, they are configured to
be perpendicular to the front spar, which serves as the guideline for the rib pitch. An UDF is created
by using a point on the front spar, the rib start point, and by slicing the wing perpendicular to the front
spar. Figure 2.4 shows the UDF of the rib. Automatic initiation of all ribs can be defined in a Knowledge
Pattern by changing the rib start point. The uCRM wing consists of 43 ribs from the side of the body to
the tip. [24]
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S - Centre of Gravity
of Engine

Engine Rib ----- >

Figure 2.4: The UDF of the rib Figure 2.5: The UDF of the engine rib

An additional rib is created to support the engine and it is positioned between two existing ribs at the
span-wise location of the engine. The engine is modelled with a point load at the estimated centre of
gravity of the engine. The engine’s placement aligns with the Boeing 777 specifications’, situated at
32.6% of the wing semi-span[26]. The engine load is further discussed in subsection 2.3.3. Figure 2.5
shows the UDF of the engine rib. The reference for determining the two ribs is established from the
start point of the rib. The engine rib, parallel to the span, is generated at 0.1% of the length of the rib
between the spars of the outboard ribs.

Stiffener Generation

The structural model includes stiffeners at three locations within the wing box: at the skin(stringers),
ribs, and spars. Stiffeners can be modelled through implicit and explicit methods. The uCRM used
the implicit smeared stiffener approach[24]. In this approach, the influence of stiffeners is integrated
into the skin’s stiffness[27]. However, in the CAD environment, it is preferable to explicitly model the
stiffeners.

The stiffeners used in the uCRM are T-stiffeners[24] as shown in Figure 2.6. The stiffener width, w,,,
is set equal to the stiffener height, h,;. The rib and spar stiffeners are aligned with their respective
surfaces and the stringers are parallel to the front spar. To emulate the attached stringer, the flange of
the stringers is cut from the wing surface.

<&

W
st 3

T T

Figure 2.6: The parameterisation of the stiffeners and skin

To generate stiffeners, a unique UDF is created for each structural group, along with a Knowledge
Pattern in which the stiffener pitch and height per structural group are defined. The results of uCRM by

"https://booksite.elsevier.com/9780340741528/appendices/data-a/table-4/table.htm
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Brooks et al.[24] is utilised to determine these parameters. While the stiffener height in the uCRM can
vary along the stiffener due to the smeared approach, a uniform stiffener height is assumed per stiffener
for this thesis, with the maximum height observed in the uCRM being adopted. Table 2.2 shows the
corresponding stiffener pitch and height values at each section.

Table 2.2: The values of the stiffeners and the shell section of the geometry

Parameter Stiffener Pitch [nm] | Stiffener Height [mm)]
Upper Stringers 180 75
Lower Stringers 220 45
Rib Stiffeners 230 68
Engine Rib Stiffeners | 150 68
Spar stiffeners 150 68

Figure 2.7 shows the structural elements of the wing generated by the described UDFs and Knowledge
Patterns. The detailed Knowledge Patterns code can be found in Appendix A.

(a) The top view of the wing skeleton including the rib and
spar stiffeners (b) The structural elements of wing near the side of body

Figure 2.7: The structural elements of wing

2.1.4. Span-wise Trailing Edge Morphing Approach

Implementing span-wise trailing edge morphing on the geometric model requires the capability to modify
the trailing edge of the implemented airfoil. The trailing edge is defined as the geometry after the aft
spar. The aft spar of the CRM is placed at 60% of the chord at the Side of Body and tip[25]. The
assumption is made that an inboard flap is present, limiting trailing-edge morphing exclusively to the
outboard wing. In the selection of an appropriate methodology, two requirements must be met. The
morphing approach under consideration should possess the capability to exclusively alter the trailing
edge and should be compatible with the functionalities available within the CAD-based 3DExperience
software.

An approach used by Werter et al.[28] utilises a database comprising NACA 4-series aerodynamic
surfaces. While this methodology offers a systematic framework, it presents a challenge when modifi-
cations are focused solely on the trailing edge. Moreover, it imposes constraints on the design space
by relying on a predetermined set of existing airfoils within the database.

A common approach is the use of airfoil parameterization. For example, Bézier curves can be used
as a method for precise control over the trailing edge geometry. The mathematical curves, specified
by strategically positioned control points, provide a framework for capturing the intricate contours char-
acterising the trailing edge of the airfoil. In 2D cases, this methodology is effective. In 3D scenarios,
Kenway et al. [29] observed that, due to the intricate geometry involved, Bézier curves require a sub-
stantial number of design variables. They propose using Free Form Deformation (FFD) for CAD - free
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high-fidelity aero-structural optimisation. Burdette et al. [30] used this method to analyse adaptive mor-
phing trailing edge on the uCRM. However, FFD is a CAD-free approach and therefore not suitable for
this research.

Lépine et al. [31] discovered that employing airfoil base parameters reduces the convergence speed for
aerodynamic optimisation. Two common airfoil base parameterization methods are the Class Shape
Transformation (CST)[32] and the PARSEC method. The CST method utilises Class-Shape functions to
mathematically characterise the airfoil’'s shape. Despite its extensive use in airfoil parameterization, the
exclusion of the trailing edge from a designated point poses a challenge. Furthermore, the requirement
to trace the trailing edge as a preliminary step introduces a potential source of error, thereby augmenting
the margin of deviation from the original uCRM airfoils.

The PARSEC method uses 11 parameters to define an airfoil as shown in Figure 2.8[33] :

* leading edge radius (r.g) * trailing edge  coordinate(Zrg) and
« upper crest location (X p,Zup) direction(arr)
« lower crest location (X1.0,Zro) + trailing edge wedge angle(Srk)
* upper and lower curvature(Zx x, »,Zxx..) * thickness(AZrg)
A z Z)(Xup

Figure 2.8: PARSEC airfoil geometry[33]

With these 11 parameters, Sobieczky similar to theCST uses a polynomial to create the airfoil:
6 n—1
Zk = Zan,ka2 (22)
n=1

where «a,, can be found using the geometric parameters, k takes a value of 1 and 2 for the upper and
lower surface. The utilisation of this airfoil parameterization is widespread due to its incorporation of
crucial airfoil features.

In the context of this research conducted within a CAD-based environment, the unique advantage
arises from the ability to exclusively use the four trailing edge parameters (Zrg, arg, Bre, and AZrg)
to modify the shape of the trailing edge. The original airfoils of the uCRM at the 5 positions(P4-8)
along the span are split at the connection with the aft spar. This results in an upper and lower trailing
edge spline. Ultilising the four trailing edge parameters, two new splines are generated, maintaining
tangency to the original airfoil at the aft spar. The assumption is made that the material will not exhibit
elastic behaviour, implying that the lengths of the trailing edge legs will remain constant. The trailing
edge parameterization by using the four trailing edge parameters of the PARSEC method is shown in
Figure 2.9. The adjustment of trailing edge splines by altering parameter values is performed manually
to derive a solution.
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Figure 2.9: Trailing edge parameterization

Transonic Design Principles

By adjusting the trailing edge of the original wing, it is important to understand the interaction of the
trailing edge with the flow. This supports the determination of the parameters used in the test sets.
Therefore this section delves into the design principles of transonic wings. An important aspect of the
wing is the aspect ratio. The aspect ratio can be calculated by %2. The uCRM wing has an aspect ratio
of 9, which is considered high. With a high aspect ratio wing, the two-dimensional effects predominantly
influence the flow phenomena[34]. Therefore, a closer examination of the airfoil theory is conducted.

The CRM consist of supercritical airfoils[23]. Supercritical airfoils, developed in the 1960s and 1970s,
were designed to demonstrate favourable transonic behaviour while retaining acceptable characteris-
tics at low speeds[35]. The occurrence of shock waves often characterises the transonic flow regime.
The formation of strong shock waves can cause the separation at the shock foot increasing the drag
exponentially[34]. A supercritical airfoil uses geometrical features to weaken the shock wave. It is
characterised by a large leading-edge radius, a flat middle part of the airfoil and a cusped trailing edge
with a finite thickness[35]. The increased leading edge radius causes a strong expansion wave from
the leading edge region. The expansion waves increase the velocity. These expansion waves are re-
flected as compression waves. When the compression contacts the airfoil, it decelerates the flow[35].
Given the diminished curvature in the midsection of the airfoil, the deceleration of compression and ac-
celeration of expansion waves may counterbalance, leading to the absence of flow acceleration ahead
of the shock. This reduces the shock strength. Figure 2.10 shows this effect.

Sonic line

i
Compression

Weak shock wave

M —

Figure 2.10: The effect of the increased leading edge radius and flat upper surface on the shock strength[35]
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A supercritical airfoil exhibits a notable adverse pressure gradient at its trailing edge region, which
makes the boundary layer more susceptible to separation[34]. To effectively manage the adverse
pressure gradient, a supercritical airfoil incorporates both a cusp trailing edge and finite thickness at
the trailing edge.

In incompressible, inviscid flow the Kutta condition should be satisfied[34]. The Kutta condition dictated
that the flow around an airfoil must leave the trailing edge smoothly. This implies that the pressure on
the upper surface of the airfoil is balanced by the pressure on the lower surface at the trailing edge,
preventing the formation of a stagnation point and ensuring a physically realistic and consistent flow
solution. This is shown in Figure 2.11[34] for two different trailing edge shapes.

~__ \\\\\\1
~— AN
VI S V2 \\AA
(a) Trailing edge with a finite angle (b) A cusped trailing edge
atpointa: Vi = Vo =0 atpointa: V3 = Vo #0

Figure 2.11: The Kutta condition applied on the trailing edge shape[34]

Figure 2.11a shows a trailing edge with a finite angle, while the upper and lower surfaces of Figure 2.11b
are parallel at point a, a cusped trailing edge. The Kutta condition can only be satisfied for the trailing
edge with a finite angle if the velocities are zero, leading to a stagnation point at point a. At the cusped
trailing edge, no stagnation point is needed to satisfy the Kutta condition. This results in a pressure
coefficient smaller than 1. In practice, this thesis does not assume incompressible, inviscid conditions.
Nevertheless, it is observed that even in these conditions, the cusped trailing edge yields a lower
pressure coefficient at the trailing edge and diminishes adverse pressure gradients[34].

Another advantage of the cusped trailing edge is the increase in pressure attributed to the concave
shape of the lower surface. This phenomenon, known as aft loading, results in an increased total lift
coefficient.

Incorporating a blunt trailing edge is a measure aimed at minimising weight while still achieving the
necessary stiffness for the cusped trailing edge[34]. An additional benefit of a trailing edge with finite
thickness is the reduction of adverse pressure gradients on the upper surface, achieved through off-
surface pressure recovery in the wake.[36]. The original uCRM airfoils also show this blunt trailing
edge.

The supercritical airfoil is designed to mitigate shock-induced separation, although complete avoidance
may not always be achievable. Under a shock, a separation bubble can occur as shown in Figure 2.12.
When the separation bubble extends to the end of the trailing edge, separation occurs[34]. The deliber-
ate aft movement of the shock wave on supercritical airfoils heightens the probability of the separation
bubble reaching the trailing edge. Therefore, the aft wards placement of the shock wave should be
limited.
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Figure 2.12: A shock-induced separation bubble[34]

Sizing Variables

This thesis uses two design cases to analyse the trailing edge morphing wing. The selected cases
were intended to achieve a high-lift wing with a downward curvature of the original trailing edge, as well
as an aerodynamically efficient wing with an upward curvature of the original trailing edge. The latter
design aims to achieve a higher lift-to-drag ratio, resulting in increased aerodynamic efficiency. These
designs are based on the transonic design principles and are not the optimized solution.

The first constraint before determining the parameter values is that there is no material elasticity. This
results in that the length of the trailing edge legs and the trailing edge thickness, AZrg, is kept equal
to the original airfoils. The second constraint is that the trailing edge legs do not cross each other. The
third constraint is that the span-wise shape of the trailing edge does not contain steep gradients. Lastly,
supercritical airfoil theory dictates that the wedge angle, 81, should be small to avoid adverse pressure
gradients, especially for the high-lift wing. Therefore, S should be smaller than 20 degrees. These
constraints are used for determining the two design cases with the sizing variables: the trailing edge
coordinate, Zrg, direction, arg, and wedge angle,Sr g at span-wise positions 4-8. Table 2.3 shows
the parameters of the original wing which are used as a baseline for the two design case parameters.

Table 2.3: The original Airfoil Characteristics at the positions P4-8.

Airfoil Position | Original Airfoil Characterestics

AZrg [mm]  Zrg[mm] Bre[’] ars[’]
P4 13,1 -142,0 53 22,6
P5 13,5 -151,0 52 249
P6 13,2 -173,2 5,2 26,3
P7 12,3 -159,5 53 22,0
P8 13,5 -69,6 5,9 3,0

The curvature of the airfoil is changed by a combination of Z;g and arg. The initial airfoils of the uUCRM
have args ranging from 20 to 26 degrees. The high-lift design case with the downward curvature aims
to increase arg to 28 degrees. In the efficient design, where the curvature of the trailing is upward,
reduces arg to aim at 10 degrees. Some values within the test sets deviate to preserve the previously
stated requirements. The test sets are outlined in Table 2.4 and shown in Figure 2.13.
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Table 2.4: The test sets parameters of the morphing wings

Airfoil Position | Test Set 1:High Lift Wing Test Set 2: Efficient Wing
AZrg [mm]  Zrg[mm]  Bre ] ars[] | AZrg[mm]  Zrp[mm]  Bre[’]  ore[’]
P4 13.1 -220.0 2.0 28.0 13.1 -100.0 9.0 9.0
P5 13.5 -250.0 1.0 29.0 13.5 -50,0 15.0 7.0
P6 13.2 -250.0 6,0 28,0 13.2 -70,0 18.0 6.0
P7 12.3 -200.0 5.0 26.0 12.3 -80.0 20.0 8.0
P8 13.5 -120.0 6.0 12.0 13.5 -100.0 10.0 0.0

Figure 2.13: The resulting morphed airfoils at position 4-8. The black solid line shows the original airfoil. The
blue striped line represents the high-lift design, and the gray dotted line represents the efficient design.

2.2. Aerodynamic Model

3DExperience Apps: Fluid Model Creation, Fluid Scenario Creation, Material Definition

The geometrical model forms the foundation for the aerodynamic model. The aerodynamic model is
developed using the Fluid Model Creation and the Fluid Scenario Creation app. When opening the
Fluid Scenario Creation, the assistant window pops up, which outlines the necessary steps for defining
all components of the Fluid simulation.

This section starts with a numerical background for performing the CFD simulation. This encompasses
details regarding the 3DExperience fluid solver. Subsequently, the CFD domain is discussed, where
the flight conditions and mesh generation are explained. It is essential to highlight that the existing
academic license is constrained by a limitation on the maximum number of nodes, which is capped at
5 million. This constraint restricts both the fluid domain and the mesh, a topic that will be discussed in
detail in subsection 2.2.2. Lastly, the setup of the fluid solver is addressed.

2.2.1. Numerical Background

The fluid solver in 3DExperience is a RANS pressure-based finite volume solver. The Navier-Stokes
equations used in CFD consist of the conservation of mass, momentum, and energy. These equations
describe the motion of fluid substances, considering the effects of viscosity, pressure, and external
forces[37]. To derive the Navier-Stokes equations for a Newtonian fluid of conservation of momentum,
the continuity equation( Equation 2.3) and equation of motion(Equation 2.4)[38] are used:

% +V-(pv)=0 (2.3)

p((z‘tf—FV-Vv):V-a—&-f (2.4)
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Where p is the fluid density, v is the velocity vector, ¢ is time, V denotes the divergence operator,o is
the stress tensor, and f represents external forces acting on the fluid. By combining these equations,
the compressible Navier-Stokes equation for the conservation of momentum can be derived[38]:

)
p(a:+v-vV>:—vp+w2v+’;V(vv)+f (2.5)

Where p is the pressure, 1 is the dynamic viscosity, and f represents external forces acting on the
fluid.

With compressible flows, where density can vary with pressure, an additional equation is required to
calculate the density accurately. This equation is derived from the principle of energy conservation by
using Fourier’s law and the equation of state[38]:
E
%JrV'(pVE):U:S*V~q7f~V+q”/ (2.6)
where F is the total energy and S is the strain rate tensor. q is the local heat flux which can be found
using Fourier’s law.

Solving the complete Navier-Stokes equations for turbulent flows can be computationally expensive.
Applying time-averaging to the Navier-Stokes equations yields the RANS equations, which represent
the mean behaviour of fluid flows. The RANS equations introduce additional terms in the momentum
equation. This is also called the Reynolds stress tensor(r;;) and can be written as —pvjv;‘. Additional
equations are needed to model the Reynolds stresses to close the RANS equations. 3DExperience
uses an eddy viscosity model. Eddy viscosity models aim to simplify the representation of turbulent
viscosity, a measure of the internal friction in a turbulent flow, by introducing an effective viscosity term
called the eddy viscosity (u;). Linear eddy viscosity models use the Boussinesq assumption for the
constitutive relation[39, 40]:

I 1 auk 2
o= ) = Lo rs ) - Z i
Tij pUiv; = 21 (Sm 302, 513) 3pk5m (2.7)
Where k represents the kinetic turbulent energy and ¢;; is the Kronecker delta. There are multiple ways
to model the eddy viscosity.

Turbulence Models

3DExperience has implemented three eddy viscosity or turbulence models: Realizable k& — ¢, Shear-
Stress Transport (SST) k—w and Spalart-Allmaras. Both SST k—w and Spalart-Allmaras can be used to
model external flow with sufficient accuracy in near wall flows[41, 42, 43]. The 3DExperience platform
also provides a Fluid Verification Guide in the User Assistance[44]. This guide encompasses various
test cases and verification details tailored to the Fluid Model Creation and Fluid Scenario Creation
applications. Currently, there are no available airfoil test cases; the supersonic flat plate test scenario
is the one most closely resembling the current setup. In this test case, the accuracy of the velocity
and the temperature functions are assessed. This shows that the most accurate model is the Spalart-
Allmaras (SA) model. The SA model is also used by the uCRM[24].

The SA turbulence model[45] is a one-equation model developed to provide accurate results with rel-
atively low computational cost. This method solves for a single variable, turbulent viscosity (7), and
is especially favoured in aerospace applications where computational efficiency is paramount. The
model includes a transport equation for 7 and incorporates various terms to model turbulent produc-
tion, destruction, and turbulent diffusion. Despite its simplicity compared to multi-equation models, the
SA model has been found to perform well in a wide range of turbulent flows, including those involving
separation and complex geometry.

Flow Solver
In the 3DExperience platform, there are two methods for solving the RANS equations once they are
closed: a segregated approach and a coupled approach. While the segregated solver can handle Mach
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numbers up to about 2, it struggles with complexities at higher Mach numbers. On the other hand, the
coupled solver boasts improved convergence rates, making it the preferred option, particularly for high
Mach numbers. The only catch is that it requires twice as many memory resources. Given the current
computer setup, the segregated solver was utilised for this thesis project.

The segregated approach solves the governing equations sequentially in a series of steps. To achieve
this, 3DExperience employs the Semi-Implicit Method for Pressure Linked Equations) (SIMPLE) algo-
rithm, as introduced by Patankar[46]. The steps of the SIMPLE algorithm are illustrated in Figure 2.14
[38].

— Step 1 | Compute predictor velocity (v*)
A

A v k K I
l ~PAvy+ ) A,AV; = Residual = BX — A,(v}) 72{1\,,(‘(::]}‘
w
n P e - O ———— ]
Av' = (vH)RTL — (v*)k BX _ wpk—1y, other source terms |
Step 2 | Solve a pressure correction equation |
J, V- (VA 'vp' ) =V v
H /’f ‘-\-k""\
lterate until Step 3 I Correct the predicted velocity and pressure |
convergence
A VA'+1 — (V')h—l +v = (v“)k+1 . VA;lV;]’
p*+t = pk 4 ap’
" Step 4 I Solve for other transport variables (¢) I
Ap sidual k k
B Agp, + AyAd, = Residual =B —A,¢, A, by,
n n
Ap = ¢**1 — p*, k — iteration number

— - )
—(  Step5 Compute normalized residual norms I I, = [(B-A,¢, . Au‘i‘.:]”_.
normalized!l2 —

and check convergence ||("_u¢p)||2

Figure 2.14: The steady-state SIMPLE alogrithm in 3DExperience where k is the iteration number and w,« and
B are under-relaxation factors[38]

This pressure-based segregated Solver operates by integrating the energy equation with an equation
of state to compute density fluctuations. It uses under-relaxation factors to prevent overshooting and
oscillations when the solver tries to converge.

There are a variety of methods available to improve the convergence rate when solving complex sys-
tems of equations. 3DExperience has implemented several of these methods for solving the Navier-
Stokes equations. Linear solvers are commonly utilised to increase the convergence speed and sta-
bility of simulations, but there is a research gap on the impact of these solvers. The Algebraic Multi-
grid (AMG) method is the most frequently used pre-conditioner, coupled with the Biconjugate gradient
stabilized (BiCGStab) linear solver, which 3DExperience states is superior to the Flexible Generalised
Minimum Residual (FGMRES) solver [44].

By taking advantage of a hierarchical grid structure, AMG expertly navigates complex linear systems.
This method expedites the iterative solution process by solving problems on coarse grids and then
refining solutions on progressively finer grids. Its parallel processing capabilities provide a significant
advantage. AMG is especially noteworthy as a pre-conditioner, guiding other iterative solvers towards
efficient and accurate solutions.

The BiCGStab method is an iterative method designed for general non-symmetric systems including
indefinite systems[47]. The BiCGStab solver adeptly handles the equation’s advection and diffusion
terms, accounting for particle positions and converting ¢ into matrix format for every cell within the
mesh.
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Wall Modelling

A boundary layer consists of two main layers. The inner layer is a small region near the wall, where
most velocity variations take place. And the outer layer, which comprises most of the boundary layer.
In this region, the velocity converges to the free stream velocity.

The inner layer can be subdivided into three regions: the viscous sub-layer, the buffer layer, and the
log layer[48]. These layers can be distinguished by their normalised distance to the wall,y+. In the
viscous layer(y+ < 5), the flow is dominated by molecular diffusion. The buffer layer(5 < y+ < 30)
is the transition region where the flow transitions from laminar to turbulent flow. Lastly, the logarithmic
layer(y+ > 30) consists of a fully turbulent flow.

There are two approaches to achieving an accurate result near the wall. The first approach is the Low
Reynolds Number approach. This approach requires the viscous sub-layer to be resolved, meaning a
fine mesh near the wall(y+ = 1). This is computationally expensive. Therefore wall function approach
was developed. Based on experimental data a relation could be found between the normalised wall
distance and the normalised velocity, U+.

In the viscous layer, the laminar law(U+ = y+) is used to approximate the normalised velocity, U+.
Due to the transition in the buffer law, it is difficult to approximate the normalised velocity so no relation
could be found. In the logarithmic layer(y+ > 30) the log-law(U+ = II‘Ty* + C+) is used, where « is
the von Karman constant (=~ 0.41), and C'+ is a constant (= 5).

3DExperience blends both methods to be able to use coarse meshes as well as fine meshes and still
get an accurate result. This is called the hybrid wall function approach[38].

2.2.2. CFD Domain

The foundation of CFD analysis lies in the CFD domain, which can be determined using various meth-
ods. Some common shapes include bullet-shaped and semi-circle[49]. The 3DExperience software
has the automatic function to create a bounding box. As circular domain geometries can be created
in 3DExperience, however, it is interpreted as complex shape, leading to an increases the node count
in those areas. Due to the constraints of a student license, it was decided to utilize the bounding box
approach.

As a general rule, a larger domain typically yields a more accurate result. Spalart et al.[50] recom-
mended a flow domain of at least 50 body lengths. However, due to the 5 million node limit on the
3DExperience academic license, both the domain and mesh are significantly limited. To define the
bounding box, the parameter ”L” is used, which represents the length of the geometry at the symmetry
axis. Figure 2.15 shows the CFD domain including the boundary conditions. In terms of the bounding
box, it is restricted to 5L upstream and 10L downstream. In the span-wise direction, it is limited to 2.5 of
the span. All planes, excluding the symmetry axis, utilise a free stream boundary condition to calculate
Riemann invariants automatically, which ultimately determines the flow parameters at the boundary.
The free stream Mach number and static conditions serve as the input parameters for the free stream
boundary condition.
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Figure 2.15: CFD Bounding Box

Symmetry Plane

The steady-state aerodynamic analysis will be performed with a static model, which is inclined with
an angle of attack with respect to the inflow. The flight conditions are at the cruise conditions of the
uCRM and are shown in Table 2.5. The temperature and pressure are found for the simulation using
the standard atmosphere calculations. In the Material Definition app, a material is created with the air
properties corresponding to the flight conditions. The density is found using the calculated pressure and
temperature. The viscosity is determined through Sutherland’s law[51], and the thermal conductivity
was found to be 0.02 W/m K2. Additionally, specific heat and Equation of State (EOS) characteristics
are configured to maintain a constant specific heat ratio, denoted as ~, set at 1.4. The EOS is set to
emulate a compressible ideal gas, specifying a specific gas constant, R, at 287 J/kg K. The specific
heat at constant pressure is then calculated using the formula ]—_’i.

Table 2.5: CFD Flight conditions

Definition Value
Altitude 37000ft
Mach 0.85

Angle of Attack 2 degrees
Temperature 216.65 K
Pressure 22625.79 Pa
Density 0.3638 kg/m3

Dynamic Viscosity

Thermal Conductivity

Specific Heat a Constant Pressure
Specific Gas Constant

1.422.10-5Pa's
0.02 W/m K
1.0045 kJ/kgK
287 Jikg K

2https://www.engineeringtoolbox.com/international-standard-atmosphere-d_985.html[visited on 29-11-2023]
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The uCRM cruise conditions dictate a constrained lift coefficient at 0.5. Due to the time constraints of the
thesis, it proves unfeasible to calibrate the simulation precisely to adhere to this specific lift coefficient.
Consequently, an empirically determined fixed angle of attack is applied. Brooks et al. [24] found the
angle of attack at cruise of 2.044 degrees for a coarse mesh. Therefore, an angle of attack of 2 degrees
thesis uses this angle of attack for all simulations.

These initial conditions serve as an initial guess for the iterative solver. Hence, an initial condition is also
needed for the turbulence models. The initial turbulence is defined by the turbulence intensity, 7, and the
turbulence viscosity ratio,%ﬂ. Spalart et al.[50] developed a recommendation for the inflow conditions
for most typical external aerodynamic applications. The turbulence intensity in external flows is low,
generally between 0.05% and 1%. This thesis sets the turbulence ratio at 1%. The turbulence viscosity
ratio can be estimated using 2E — 7 - Re[50]. A Re of 4.5¢7 results in a turbulence viscosity ratio of
9. The initial values of variables of the two-equation eddy viscosity models can be calculated using
Equation 2.8[38].

k zg(vI)2
k}2
€ :C’H% (2.8)
k
w :CHT
M

Mesh generation

A systematic approach is needed to discretise the computational domain to ensure numerical accu-
racy within the simulation framework. The mesh must have the capability to capture viscous effects
accurately. The three main types of meshing are structured, unstructured and hybrid mesh.

In a structured mesh, the grid points are organised in a regular and systematic manner[52]. The internal
cells are topologically similar and have the same number and type of connections. Structured meshes
are commonly used in applications where the geometry permits a regular grid arrangement. Multi-block
grids are used to improve the grid quality or to adapt to complex geometries[53]. The domain is split
into multiple subdomains called blocks with different mesh topologies. The CRM uses a multi-block
structured mesh with 1018 blocks[54].

In an unstructured mesh, no regularity exists between grid points, and there is no universal rule for
connectivity with neighbours[52]. Structured meshes are often more efficient than unstructured grids
because the flow generally aligns with the geometry[53]. Unstructured grids have increasingly become
the predominant approach because generating block-structured grids automatically on arbitrary ge-
ometries is inherently challenging and requires a substantial amount of time[53]. The adaptability of
unstructured grids allows them to conform to intricate geometries without requiring a predefined multi-
block configuration, enabling localised mesh refinement.

The primary challenge associated with unstructured grids is meeting the boundary layer requirements
of high Reynolds number flows[53]. In such scenarios, it becomes essential to adapt the grid density in
the normal direction to align with the velocity profiles within the boundary layer. Figure 2.16[52] shows
how the grid refinement near the wall influences the computed velocity profile where § represents the
boundary layer thickness. Hybrid grids have been developed to address this challenge. These grids
represent a combination of structured and unstructured elements, incorporating layers of quadrilaterals
or prisms specifically generated in the near-wall region[53]. Figure 2.17[55] shows a hybrid mesh
around an airfoil.
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Figure 2.16: The difference in computed velocity profile due Figure 2.17: A hybrid mesh around an airfoil[55]

to the grid refinement[52]

3DExpierence uses Hex-Dominant Mesher (HDM) technology to simplify the meshing process for CFD
simulations. It extracts fluid domains and generates by setting the global and boundary layer mesh
size an automatic unstructured finite volume mesh, complete with prism boundary layers directly on the
native CAD geometry[44]. The automatic meshing procedure maintains the geometric complexity by
implementing local mesh refinement. As shown in Figure 2.18, the aft section of the fuselage exhibits
local mesh refinement at the wing-fuselage fairing, around the tail airfoil, and the fuselage tail cone.
While this local mesh refinement enhances mesh accuracy, adhering to the 5 million node limit imposed
by the academic license is crucial to avoid unnecessary refinement. The Optimize surface treatment
option attempts an additional iteration over the initial mesh to reorganise and coarsen highly refined
areas. Nevertheless, the inability to selectively target specific areas results in unavoidable unnecessary
mesh refinement.

Figure 2.18: The mesh generated around the fuselage with automatic mesh refinement at complex geometry

The mesh can be refined by using a local surface refinement on the geometry. Goetten et al.[56]
advise between 80-100 cells in a chord-wise direction. Therefore the 7 sections of the wing as shown
in Figure 2.3 are used where the smallest chord is divided by 80. The fuselage mesh size is increased
to decrease the amount of nodes to 400mm.

Another challenge which lays in the mesh generation is the near-wall modelling. At transonic conditions
(Mach between 0.8 and 1.2), the flow could separate, and therefore, an accurate cell size near the wall
is needed to capture the viscous effects. The first step to calculate the wall distance of the first cell,
Yuw, » IS to find the skin friction coefficient,C';. For Re < 10?, the Schlichting skin-friction correlation can
be used[48]:

Cy = [21og,o(Re,) — 0.65]>* (2.9)
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With the skin friction coefficient the wall shear stress,r,, can be computed resulting in the friction velocity,
Uy

1
Tw = C'f : §pv]2‘reestream (210)
v, = |2 (2.11)
p

With the friction velocity, the y+ can be found for a given wall distance. With this correlation, the first
cell distance can be estimated:

Y+ = ywy"f (2.12)

With compressible flow, using a y + 1 near the wall is advised to capture the viscous effects. However,
with the 5 million node limit, this is not possible. The other approach is to have the first cell in the
logarithmic layer (y+ between 30 and 300). The first layer thickness is chosen to be 2mm to target the
logarithmic layer with 15 boundary layers.

Figure 2.19: The boundary layer mesh around the trailing edge of the airfoil

2.2.3. Solver Setup

The CFD solver is set to have a maximum of 2000 iterations. The stopping criteria are based on the
momentum, energy and turbulence residuals with an accuracy of 10~ 4. Due to the memory limit of the
current set-up, the SIMPLE segregated solver is used. The linear solvers and under-relaxation factor
used for each equation are shown in Table 2.6.

Table 2.6: Settings of the CFD Solver

Equation Type | Linear Solver Under-Relaxation Factor
Pressure AMG-BiCGStab | 0.2
Momentum AMG-BiCGStab | 0.8
Turbulence AMG-BiCGStab | 0.9
Energy AMG-BIiCGStab | 0.9

2.3. Structural Model

3DExperience Apps: Structural Model Creation, Structural Scenario Creation, Material Definition
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The Structural Model Creation and Structural Scenario Creation apps are used to create the structural
model, and a linear analysis is performed. The structural solver of 3DExperience is similar to the well-
known FEAsoftware Abaqus. The academic license includes a node limit of 1 million nodes for the
structural mesh. Therefore, the structural model only consists of the wing, excluding the fuselage. The
clamped boundary condition is used at the rib of the wing-fuselage connection. Brooks et al.[24] used
the boundary conditions where the wing is clamped at the symmetry axis and allowed displacements
in the span-wise direction and rotation. However, it was found that these displacements were small.
Therefore, the clamped boundary condition at the fuselage wing connection is used.

2.3.1. Material and Section Properties

The first step is assigning the material properties to the structural geometry. The uCRM uses the 7000
series of aluminium alloy on all the structural elements and the properties are shown in Table 2.7. This
material is created in Material Definition app.

Table 2.7: Properties of the material[24]

Parameter value
Density 2780 kg/m3
Young'’s modulus | 73.1-10° Pa
Poisson’s ratio 0.3

Yield strength 420 - 10° Pa

As the geometry is created using surfaces without thicknesses, the section properties are assigned in
Structural Model Creation with shell sections. A shell section is a structure in which one dimension, in
this case the thickness, is significantly smaller than the other two dimensions[44]. Taylor et al.[26] de-
veloped a characterization of the CRM wing for low-fidelity aerostructural optimization. In this research,
the geometric and structural properties are based on the CAD geometries and finite-element models
for the CRM wing and the uCRM. This is used in combination with the results of the uCRM[24] to define
the thickness of the skin and the stiffeners. The skin and stiffener thickness is assumed to be constant
per structural group except for the wing skin. The wing skin is divided into 7 span-wise sections as
shown in Figure 2.20.

Figure 2.20: The planform division for the skin thickness.

To maintain model simplicity, the wing sections align with the sections created for the fuel tank. A
comprehensive explanation of the sectioning is provided in subsection 2.3.3. Table 2.8 and Table 2.9
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show the values of the thickness of the skin and stiffener shell sections of the geometry.

Table 2.8: The values of the skin thickness of the shell  Table 2.9: The values of the stiffener thickness of the

section per section shell section per section
Parameter Skin Thickness[mm] Parameter Stiffener Thickness[mm]
Surface section 1 | 18mm Upper stringers 13mm
Surface section 2 | 20mm Lower stringers 15mm
Surface section 3 | 19mm Rib stiffeners 5mm
Surface section 4 | 15mm Engine rib stiffeners | 10mm
Surface section 5 | 12mm Spars 3mm

Surface section 6 | 10mm
Surface section 7 | 7Tmm

Ribs 5mm
Engine rib 10mm
Spars 5mm

2.3.2. Mesh Generation

The mesh generation of the structural model can be selected per element and is generated automat-
ically. This allows having a finer mesh for the smaller elements such as the stiffeners. Due to the
complex shape of the wing, an unstructured mesh is chosen. To make sure the connected surfaces,
such as the ribs and wing surface, are sharing nodes, the capture option is enabled. This option
searches the selected mesh for nodes within a given tolerance and gives the option to coincide with
these nodes. This simplifies the need for possible connections between the ribs and the wing surface.

The mesh size for the stiffeners is chosen to be 0.5 of the stiffener height. The mesh size of the wing
surface, ribs and spars is determined in the mesh convergence study in section 3.2.

The stiffeners need to be connected to their respective surfaces. This can be done with the tie constraint
which ties two surfaces together for the duration of a simulation[44]. The stiffeners are all tied to the
respective surfaces.

2.3.3. Loads

After defining all structural elements and assigning materials, the next step involves applying loads to
the model. This model incorporates four representative loads that signify the forces a wing experiences
during cruise: the aerodynamic load, the fuel weight, the engine weight, and the intrinsic weight of the
wing.

Aerodynamic Load

The aerodynamic load is derived directly from the outcomes of the CFD analysis. The absolute pres-
sure data obtained from the analysis can be exported or stored on the cloud through an Engineering
Document. Both these documents can then be imported into the structural scenario as a pressure load.
Figure 2.21 shows the CFD results, which are represented by the coloured points implemented on the
wing surface of the structural model. The directional arrows visually represent the aerodynamic pres-
sure on the structural model. Given that absolute pressure data does not contain an orientation, the
inclusion of directional arrows in the visualisation becomes imperative for an accurate representation
of the compressive load on the wing. As the structural model only consists of a wing starting from the
fuselage-wing intersection, the fuselage section shows no arrows, meaning no load.
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Figure 2.21: The CFD results on the structural model

In order to connect the aerodynamic data with the structural nodes, 3DExperience utilises search con-
trols, consisting of four key components: positive and negative normal, boundary, and neighbourhood
normal search distance tolerance. The positive and negative normal search distances determine which
source points are included in the simulation based on their distance along the normal vector of the corre-
sponding target surface geometry. The tolerance for in-plane distance specifies the acceptable region
for source data points, while any source data points outside the neighbourhood search tolerance are
disregarded and excluded from the analysis. Figure 2.22 shows how the boundary search controls are
defined and how the source data is connected with the target mesh.

Figure 2.22:
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- --- farge! mesh surface to map onto

* source data points

» nodes in target mesh

Actual geometric
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Y'/E::undary

saarch
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The boundary search control for a spatial varying mapping data in 3DExperience[44]
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Fuel Load

Aircraft fuel is typically stored in the wings to counteract the lift and reduce displacement. Taylor et
al.[26] calculated that the wing tank needs to be extended to at least 76% of the semi-span to be able
to comply with the maximum fuel weight of the Boeing 777-200ER. To effectively model the fuel, the
wing fuel tank is divided into six sub-tanks based on the location where the rib intersects with the front
spar. The first sub-tank spans from the Side of Body connection to 0.26% of the semi-span, while the
remaining tanks have a pitch of 0.1% of the semi-span. The result of the sub-tank division is shown
in Figure 2.23. The fuel is distributed among the sub-tanks based on the volume percentage of each
sub-tank.

Figure 2.23: The fuel tank divided in 6 subtanks in the wing

According to Taylor et al. [26], the maximum usable fuel weight for the uCRM is determined to be
137,460 kg. Under cruise conditions, the fuel quantity is approximated to be 50% of the wings’ fuel
capacity, resulting in 34, 365 kg for a semi-wing configuration. This estimation assumes that all fuel is
stored in the wing fuel sub-tanks up to their maximum capacity. The maximum load per sub-tank is
computed using the volume of the fuel sub-tank and a fuel density of 803.1 kg/m3. This load is applied
to the lower surface of the respective fuel sub-tank. Figure 2.24 illustrates the distribution of fuel tank
loads on the model.

Engine Load

The engine also contributes as a bending relief for the wing. The engine load is represented as a point
load at 32.6% of the semi-span at the height of the leading edge spar at the fuselage-wing connection.
The weight of an engine is 7,893kg[24]. The load is transferred to the engine rib and the surrounding
4 ribs. Figure 2.24 shows the engine load with the connection to the structure.

Fuel Load

Engine Load

!

Figure 2.24: The fuel and engine loads on the structural model



Verification

Verification is a crucial part of a simulation-based analysis. This shows the reliability of the results. This
chapter includes an analysis of the aerodynamic and structural model.

3.1. Aerodynamic Model

The verification process of the aerodynamic model is based on Tu et al.’s approach[52]. The process
includes testing the mesh convergence to analyse the discretization error and quantifying the impact
of the turbulence model. Further analysis is conducted on the mesh quality and residual convergence.

3.1.1. Mesh Convergence
In this section, a mesh convergence study is performed. This study uses the baseline unmorphed
model with a Spalart-Allmaras turbulence model. The mesh is coarsed by increasing the minimum and
maximum mesh sizes, keeping the first layer thickness and number of boundary layers the same. The
results are shown in Figure 3.1.
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Figure 3.1: The mesh convergence study on the benchmark model
From Figure 3.1, it can be seen that the grid is not converged. The lift coefficient shows an increase
with the increase in nodes. The drag coefficient shows first a decrease followed by a steep increase.

This shows that a finer mesh is needed to have accurate results. The mesh with the highest node count
is applied to the two test cases and is used in chapter 4.

27
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3.1.2. Turbulence Models

As explained in the chapter 2, multiple turbulence models can be used in CFD simulations to close the
Navie Stokes equations. The thesis uses the SA turbulence model, and to determine the uncertainty
introduced by choosing the turbulence model, the results of the other turbulence models are analysed.

Table 3.1 shows the resulting lift and drag coefficient calculated by the three different turbulence models
in 3DExperience.

Table 3.1: The sensitivity analys of the turbulence model

Turbulence Model Cy, [] | CL compared to SA [%] | Cp [-] | Cp compared to SA [%]
Spalart Allmaras (SA) | 0.579 | 0% 0.0434 | 0%

SSTk—w 0.572 | -1.12% 0.0430 | -1.11%

Realizable k — ¢ 0.590 | 2.05% 0.0434 | 0.00%

The SST k—w turbulence model exhibits a deviation of approximately 1% in both lift and drag coefficients
compared to the SA model. The Realizable k — ¢ turbulence model indicates a deviation of 2% in the
lift but no deviation in the drag. It is known that the & — e method has decreased reliability with complex
geometries due to the lack of near wall accuracy[57], which can explain the increased deviation of the
lift coefficient.

3.1.3. Mesh Quality

The mesh quality makes sure that the mesh is stable and converging. However, as explained in subsec-
tion 2.2.2, automatic meshing in 3D Experience is not a standard approach for aircraft meshing which
can influence the quality of the mesh. To evaluate the quality of a mesh, it is necessary to consider its
skewness, minimal angle, and y+ values. This assessment is carried out by employing the baseline

unmorphed model with the highest node count. Moreover, two test cases were analysed, and similar
results were obtained.

Skewness
Skewness is defined by the difference between a cell’'s actual and ideal shape. Cells with a high
skewness can compromise accuracy and destabilize the solution. The desired value of the maximum

skewness is 0.95 where the average is around 0.33[58]. Figure 3.2 shows the skewness distribution
of the CFD mesh.
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Figure 3.2: The skewness distribution

The average skewness of the mesh is 0.31 with the largest share between 0-0.1. This shows that the
mesh quality is acceptable in terms of skewness.
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Minimum angle

The minimum angle is defined as the angles between neighbouring cells’ edges. As the mesh is a
hex-dominant, it means that the mesh consists of different types of cells as shown in Figure 3.4. For
convergence, the quadrilateral and triangular meshes have an angle of 30 and 60 degrees, respec-
tively[58]. Figure 3.3 shows the minimum angle distribution.
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Figure 3.3: The minimum angle distribution
Figure 3.4: The cell type distribution of the mesh

Figure 3.3 shows that the majority of the cells have a minimum angle between 20 and 60 degrees. This
also shows that the mesh is acceptable in terms of minimum angle

Normalised wall distance, y+

The last aspect of the mesh quality is the normalised wall distance, y+. During the mesh determination,
the y+ values are approximated with the Schlichting skin-friction correlation. To target the logarithmic
layer (y+ between 30-300), the first layer thickness was set at 2mm for the whole model. In the simu-
lation, the actual y+ values per cell are calculated. Figure 3.5 shows the y+ values of the upper and
lower part of the model. The grey area on the fuselage indicates that the y+ is above 1000.
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Upper Surface Lower Surface

Figure 3.5: The y+ distribution of the baseline model

Figure 3.5 shows that the wing has a y+ over the wing between 30 and 300 as targeted. However, the
fuselage shows higher y+ values, especially near the symmetry axis. Although the boundary layers are
included in the geometry, they are excluded at the boundaries of the domain as shown in Figure 2.18.
This results in high y+ values in these regions.

3.1.4. Residual Convergence

A crucial aspect of a CFD solution is the convergence of the residuals. 3DExperience uses the nor-
malised residual, calculated by normalising the L-2 norm of the current iteration’s residual by the L-2
norm of the residual obtained at the first iteration[44]. Figure 3.6 shows the residuals and Figure 3.7
shows the lift and drag force of the simulation of the baseline model.
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Figure 3.6: The convergence of the energy, momentum
and turbulence residuals Figure 3.7: The stabilisation of the lift and drag force

A residual value of 1E-4 is deemed to be loosely converged for a CFD simulation. Figure 3.6 demon-
strated that this was not reached in 2000 iterations. However, Figure 3.7 shows that the lift and drag
force are stabilised. This required further investigation into the local residuals. Figure 3.8 shows the
turbulence residual where the light blue border states where the residual is 1e-3.
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Figure 3.8: The turbulence residual in the domain

It can be seen in Figure 3.8 that the residual values higher than 1E-3 can be found around the tip vortex
aft from the aircraft and at the outlet of the domain. It is necessary to incorporate local refinements in
the mesh in these regions to enhance its performance. The elevated residual value towards the end of
the domain indicates that the domain size needs to be expanded. Unfortunately, due to the imposed
node limit, implementing these improvements in the domain and mesh is not feasible.

3.2. Structural Model

To verify the structural model, an extensive analysis is conducted wherein the mesh size and the impact
of the loads are carefully evaluated. The process begins with a mesh convergence study using a
basic tip load. Once the aerodynamic loads are incorporated into the structural model, the coupling is
studied by varying search tolerances. Lastly, a comprehensive mesh convergence study of all loads
is performed. Throughout the process, the mesh size of the stringers and stiffeners remains constant,
while only the mesh size of the wing surface, ribs, and spar are subject to change.
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3.2.1. Mesh Convergence with a Tip Load

As the model consists of multiple loads, the mesh is first tested with one simple tip load. Figure 3.9
shows the geometry with the tip load of 1€5N in the positive z-direction. 3DExperience also introduced
a student license limit of 1 million nodes in the structural mesh, limiting the minimal mesh size to 30mm.
Figure 3.10 shows the mesh convergence of the tip load.
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Figure 3.9: The tip load applied to the
baseline wing Figure 3.10: Mesh convergence study of a tip load

From Figure 3.10, it can be seen that the mesh slowly is converging towards a lower mesh size. Due to
the node limit, the mesh size could not be lowered. Currently, the mesh maintains a uniform size across
the entire model. Future investigations may explore alternative configurations, such as a decreasing
mesh size towards the tip.

3.2.2. Aerodynamic Load Coupling

The aerodynamic loads are imported into the structural model as explained in subsection 2.3.3. A
search tolerance was utilised to couple these loads, and this study examines the impact of varying
tolerances. Figure 3.11 shows the result of the maximum z displacement with varying search tolerance
for a mesh size of 50mm and 200mm. The four different search tolerances are kept constant.
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Figure 3.11: Mesh convergence study of the structural analysis

Figure 3.11 shows that the maximum z displacement stabilises after 100mm search tolerance for both
the 200mm and 50mm mesh. Therefore, for the rest of the simulations, a search tolerance of 200mm is
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used.

3.2.3. Mesh Convergence All Loads
Next, the mesh convergence is tested with all the loads described in chapter 2 with using a 200mm
search tolerance. Figure 3.12 shows the results of the convergence study.
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Figure 3.12: Mesh convergence study of the structural analysis

It can be seen that the mesh is not converged. An interesting point is between a mesh size of 150mm
and 200mm. It shows some stabilisation; however, a steep gradient appears when the mesh is further
decreased. Although the relative difference is small, this shows that the mesh should be further stud-
ied. As mentioned before, the current set-up has a constant span-wise mesh size. The setup can be
changed such that the tip mesh can have a smaller mesh to account for the larger displacements in
that region. For the results, the mesh size of 100mm is used.

Figure 3.12 shows that maximum z displacement is only = 5% of the semi-span. This shows that the
assumption of a linear structural analysis is correct.



Results & Discussion

This chapter discusses the findings of the analysis. As outlined in our research questions, the baseline
unmorphed wing is compared to the two test cases in terms of both aerodynamic and structural aspects.
Both a global and local examination of the aerodynamic and structural results are discussed.

4.1. Aerodynamic results

To provide an overview of the global findings, the lift and drag coefficients of the wings are compared to
assess the aerodynamic performance of the wing. The lift-to-drag ratio(L/D) is also included to assess
the aerodynamic efficiency of the wings. Table 4.1 show the results for the unmorphed and the two
morphing wings.

Table 4.1: Aerodynamic Results

Unmorped Wing: | Morphed Wing 1: | Morphed Wing 2:
Baseline High-Lift Efficient

Angle Of Attack [degrees] | 2 2 2

Cr [ 0.57 0.65 0.47

Cp [drag counts] 434 525 317

L/D 13.3 12.4 14.7

The high-lift morphing wing with the downward curvature of the trailing edge shows an increased lift
coefficient. However, it also has a higher drag coefficient, which decreases the overall efficiency of
the wing in terms of the lift-to-drag ratio. The upward efficient morphing wing shows a lower lift with a
corresponding lower drag coefficient. This results in a higher lift-to-drag ratio. The local findings are
presented with the pressure distribution and Mach distribution further to investigate the aerodynamic
results of the three wings. The locations of the local findings are at the Yehudi (P3), outboard near the
tip(P7) and at the tip(P8).

4.1.1. Yehudi (P3)

The first location for the local results is at the Yehudi, P3, to show the influence of the morphing trailing
edge on the inboard wing. The airfoil at P3 is the same for all three wings. Figure 4.1 shows the
pressure distribution at position 3.
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Figure 4.1: The pressure distribution at position 3
There is little to no difference in the pressure distribution between the unmorphed baseline and high-lift

wing. However, the efficient wing displays a decline in pressure distribution around 0.6 ¢. To further
illustrate this, Figure 4.2 displays the Mach distribution of both the baseline and efficient wing at P3.

Figure 4.2: The Mach distribution at Yehudi, P3, of the baseline and the efficient wing

From Figure 4.2, it can be seen that the mach distributions exhibit a slight variation. Notably, the Mach
number experiences an earlier decrease on the upper surface of the efficient wing compared to the
baseline wing. This observation indicates that the alterations made to the outboard wing affect the flow
on the inboard wing despite the airfoil remaining the same at that location.

4.1.2. Outboard wing near the tip (P7)

The local aerodynamic results are analysed at P7, near the tip, to analyse the influence of the trailing
edge morphing. Similar to P3, the local aerodynamic results are shown in pressure distribution in
Figure 4.3.
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Figure 4.3: The pressure distribution at position 7
The pressure distribution shows a large variation between the different wings. The unmorphed baseline

wing shows signs of a weak shock wave around 0.5 ¢, similar to the high lift morphed wing.Figure 4.4
shows the Mach contour plot around the three airfoils.

Figure 4.4: The Mach distribution at P7, of the all three wings

However, the high-lift wing has an improved pressure recovery. This can be linked to the shape of the
high-lift trailing edge, as it is more flat than the baseline wing. Another prominent phenomenon in the
pressure distribution is aft loading. The high lift wing shows an increase in pressure on the lower side
around 0.7 c due to its concave shape. The efficient morphed wing shows that the shock wave is moved
towards the leading edge around 0.4 ¢. The shock wave, in combination with the slightly concave shape
of the trailing edge, causes the pressure coefficient to almost reach 0. Due to the convex shape at 0.9c,
the pressure coefficient rises again.

4.1.3. Tip (P8)
Lastly, the flow is analysed at the tip, where Figure 4.5 shows the pressure distribution and Figure 4.6
shows the mach distribution around the three airfoils at position 8.
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Figure 4.5: The pressure distribution at the tip

Figure 4.6: The Mach distribution at P8, of the all three wings

The pressure distribution of the tip airfoils is not similar to the previous two positions. The high-lift
and unmorphed wings lack a sharp pressure peak. The Mach profile of both wings displays low Mach
numbers along the upper portion of the airfoil, commencing at the leading edge, indicating separation.
However, the efficient wing exhibits attachment with a pressure peak at the leading edge, which rapidly
decreases, revealing the presence of a shock wave. Therefore, the efficient wing is the only one where
the flow remains attached at the tip.

4.2. Structural results

The results of the CFD are used to evaluate the different structural responses to the different morphing
settings. First, the global structural response is analysed. Table 4.2 shows the tip displacement of the
different wings with the corresponding lift coefficient.

Table 4.2: Structural Results

Unmorped Wing | Morphed Wing 1 | Morphed Wing 2
Cr [ 0.57 0.65 0.47
Tip Displacement [mm] | 1388 1729 842

As expected, the higher the lift coefficient, the higher the tip displacement. Figure 4.7 shows the Von
Mises stress distribution of the upper and lower geometry of the baseline model.
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Figure 4.7: The Von Mises stress on the baseline geometry

Upon analysis, it is evident that the outboard trailing edge exhibits the highest Von Mises stress. Addi-
tionally, an examination of the high-lift wing revealed a collapse of the trailing edge, indicating a need
for additional reinforcement to prevent such occurrences. Despite this, the maximum local stresses re-
main below the yield stress indicated in Table 2.7, thus preventing any plastic deformation. In addition,
the evaluation of the structural response entails the assessment of the span-wise displacement and
aeroelastic twist.

4.2.1. Displacements
The span-wise displacement shows the displacement distribution. Figure 4.8 shows the span-wise
displacement for the three wings.

0051 B(_asellr_\e W!ng //
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0,04 Efficient Wing ,//
£ 0.031
|
9 0.02
N
0.01+
0.00

0.2 0.4 0.6 0.8 1.0
y/bsemi—span [-]

Figure 4.8: The span-wise displacement of the quarter chord

check axis It can be seen that all three wings show no z displacement until 0.3 b, semi—span- This can
be explained through the fuel tanks and the engine weight counteracting the upward lift force. It can also
be seen that the wing bending is most prominent between 0.4-0.7 b, semi—span- After 0.7 by semi—span.,
the span-wise displacement seems almost linear.
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4.2.2. Twist
Next, the span-wise twist deflection is shown in Figure 4.9 of the three wings compared to the original
deflection.
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Figure 4.9: The span-wise twist deflection,d,

The high lift morphed wing exhibits greater twist deflection than the efficient morphed wing, similar
to the tip displacement. At a distance of 0.4 b, semi—span, all three wings display a change in twist
deflection, which could be attributed to the engine weight and engine rib countering the twist. Another
shift in behaviour occurs at approximately 0.7 by semi—span, Which is due to the fuel weight as the fuel
tank terminates around 0.75 by semi—span- Overall, it is apparent that the engine and fuel tank have a
more pronounced impact on the twist distribution at lower lift coefficient wings.

To compare the total twist of the three wings, the jig twist is added to the aeroelastic twist. Figure 4.10
shows the original jig twist and the total twist of the three wings.
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Figure 4.10: The span-wise total twist deflection
The jig twist shows a smooth profile with the exception around 0.4 by semi—span. This is around the

Yehudi, where the trailing edge sweep also changes which can explain the change in twist angle. Fig-
ure 4.10 shows that the shifts in behaviour can not be clearly found back in the total twist deflection.



Conclusion & Recommendations

The goal of this thesis was to develop a one-way coupled aerodynamic and structural assessment
method in 3DExperience to analyse a span-wise trailing edge morphing wing on a transonic transport
aircraft. Therefore the research was divided into two parts. The first part focused on the development
of the assessment methodology within the 3DExperience platform.

The 3DExperience software effectively incorporates parameterisation and automation for the wing’s
design. With a parameterised planform as a starting point and the use of UDFs and Knowledge Patterns
for repetitive geometrical elements, the wing’s geometry is easily modifiable. Moreover, the software’s
capability to model span-wise trailing edge morphing is versatile, achieved through spline manipulation
resulting in a smooth airfoil. Nevertheless, some limitations exist as the morphing trailing edge shapes
need manual creation to fulfil the given requirements.

The aerodynamic CFD solver uses the RANS equations and integrates a range of settings for both tur-
bulence models and linear solvers. Nevertheless, the node count restriction imposed by the academic
license has had an adverse effect on the aerodynamic model’s reliability. Furthermore, the automatic
HDM-dominant feature has been found to over-refine in certain areas, while the boundary layers are
not being applied to the symmetry axis.

The structural FEA solver is based on the Abaqus finite element analysis technology. The success of
the analysis is heavily influenced by the geometric model, which requires careful consideration of the
implementation of shell elements and necessary groups. With the knowledge pattern, the automatisa-
tion of creating geometrical groups showed its benefit. Additionally, importing aerodynamic loads can
be easily accomplished using our spatial varying mapping function for pressure loads and adjustable
search tolerances.

The second part of the thesis focused on the results of the one-way coupled aerostructural analysis. By
creating a high lift and an aerodynamically efficient test case by applying transonic design principles,
the effects of span-wise trailing edge morphing can be compared to the baseline wing. Results showed
that the high-lift morphing wing increased both lift and drag coefficients, resulting in lower aerodynamic
efficiency than the baseline unmorphed wing. Conversely, the efficient wing displayed an increase in
aerodynamic efficiency but a decrease in lift and drag. Additionally, the study discovered that changes
in the outboard trailing edge impacted the flow at the unmorphed Yehudi and also at the region before
the influence region.

As a result of the varying aerodynamic forces, the wing’s deformation was also affected. In the high-lift
configuration, the tip displacement increased; in the efficient configuration, it decreased compared to
the baseline model. Moreover, the aeroelastic twist became more pronounced with higher lift coeffi-
cients. Additionally, it was found that the influence of other loads on the aeroelastic twist decreased as
the aerodynamic load increased.
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5.1. Recommendations for future work

As this is one of the initial studies on utilising 3DExperience for aerostructural analysis, it is recom-
mended that further research be conducted to explore the software’s potential.

Regarding methodology, there are a few suggestions to enhance the approach. Firstly, manual changes
to the trailing edge can be improved with the shape optimisation module available in 3DExperience.
Unfortunately, this feature was not explored in this thesis due to time constraints.

The study showed that the structural mesh was not fully converged. Analysing a non-uniform mesh with
a decreasing mesh size towards the tip is recommended. Overall, both the structural and aerodynamic
model’s meshes in 3DExperience exhibited drawbacks. It may be worthwhile to investigate using an
external meshing program as an alternative. It is possible to import a mesh into 3DExperience for
analysis.

Upon evaluation, the findings indicate that the trailing edge experienced a collapse due to the absence
of any structural reinforcement in the current approach. To prevent this outcome in future research, it is
recommended to incorporate additional stiffness to the trailing edge geometry. This will help to ensure
the integrity of the design.

5.1.1. Aerostructural Analysis

The initial aim of the thesis was to conduct an aerostructural analysis that was fully coupled. However,
due to constraints on time, this goal was downsized to a one-way coupled aerostructural analysis.
Nonetheless, there has been some investigation into developing a fully connected system. A crucial
aspect is the coupling that exports the deformed structural model back into the meshes. There are two
methods to achieve this.

The first method involves using the extract tessellated shape function. In theory, this extracts the
deformed mesh. This approach has the potential to be automated through a macro script. However, one
drawback is that the smoothness of the airfoil decreases as the mesh, not the shape, is exported. This
could lead to gaps in the geometry if the meshes are not entirely aligned, resulting in the aerodynamic
solver ceasing to analyze.

The second method involves using the Virtual to Real Shape Morphing app. This app combines the
original geometry with the vector displacement of the structural model to create a new shape. This
ensures the wing profile remains smooth, but it cannot be employed for small components like stiffeners
and stringers as they do not show, which are necessary for the second structural iteration. Further
research can be done to determine a solution.
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Knowledge Patterns

A.1. Rib and Rib Stiffeners Generation

let i,j,k,a,b,c,C, EngineRibPosition (Integer)

let R3,R4,K,EnginePosition(Real)

let templ,temp3,temp4,temp5,tempb,temp7 (Feature)

let Curvel,Curve2,Curve3(Curve)

let GEOSET1,GEOSET2,GEOSET3(0OpenBodyFeature)

let Pointl,Point2,Point3,Point4,Point5,Point6,Point7,Point8,Point9,Pointl0 (point)

let Rb,WingSurface,InboardRibs,EngineRibs,OutboardRibs,RibStiffenersJoin,EngineSupportRibs,
Surfacel,Surface2, EngineRibStiffenersJoin (Surface)

let EngPos(length)

//Wing Surface Elements

if MorphingSetting==

{Surfacel="1. Wing Planform\1.3. Wingbox\Lower Wing Surface\Upper Wing Surface’

Surface2="1. Wing Planform\1.3. Wingbox\Lower Wing Surface }

else if MorphingSetting==

{Surfacel="1. Wing Planform\1.2. Wing Surface\1.2.2. Morphing Wing 1\Mi. Lower Surface\Mi.
Upper Surface”

Surface2="1. Wing Planform\1.2. Wing Surface\1.2.2. Morphing Wing 1\M1. Lower Surface '}

else if MorphingSetting==2

{Surfacel="1. Wing Planform\1.2. Wing Surface\1.2.3. Morphing Wing 2\M2. Lower Surface\M2.
Upper Surface”

Surface2="1. Wing Planform\1.2. Wing Surface\1.2.3. Morphing Wing 2\M2. Lower Surface '}

i =1
for i while i<="Rib Parameters\Number of Ribs"
{ GEOSET1=new("OpenBodyFeature","Rib"+i, 1. Wing Planform\1.3. Wingbox\1.3.1. Ribs ™)

GEOSET2 = new("OpenBodyFeature","Guides Rib"+i,GEOSET1)

// Iniatite UDF
temp3=CreateOrModifyTemplate ("UDF_Ribs",GEOSET2,Ribs,1i)

temp3->SetAttributeObject ("Front spar", 1. Wing Planform\1.3. Wingbox\1.3.3. Spar\
guideline for wing spars\Front spar position’)

temp3->SetAttributeObject ("Aft Wingbox Connection",” 1. Wing Planform\1.3. Wingbox
\1.3.1. Ribs\Guidelines for Ribs\Aft Wingbox Connection )

temp3 -> SetAttributeObject("Aft Rib Connection", 1. Wing Planform\1.3. Wingbox
\1.3.1. Ribs\Guidelines for Ribs\Aft Rib Connection”)

temp3->SetAttributeObject ("Upper Wing Surface",Surfacel)

temp3->SetAttributeObject ("Lower Wing Surface",Surface2)

temp3->SetAttributeObject ("Start_Front_Spar", 1. Wing Planform\1.3. Wingbox\1.3.3.
Spar\guideline for wing spars\Start Front Spar )

temp3->SetAttributeObject ("Rib Axis Guideline", 1. Wing Planform\1.3. Wingbox\1.3.1.
Ribs\Guidelines for Ribs\Rib Axis Guideline )

R3=i/( Rib Parameters\Number of Ribs  +1)

temp3->SetAttributeReal ("Ratio",R3)

//terminate template instantiation

EndModifyTemplate (temp3)
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//
//

//
//

//

//

//

//

//

//

//

//

//

//

//

//

//

//

//

//

//

//

//

//

//

//

Stringer Holes deactivated
a=1

for a while a<=UpperStringers.Size(){
Pointl=UpperStringers.GetItem(a).GetAttributeObject ("Connection to
Aft Spar")
Point2=temp3.GetAttributeObject ("Rib End Point")
Point3=UpperStringers.GetItem(a) .GetAttributeObject ("Stringer Start
Point")

if Pointl->coord(2)>Point2->coord(2)
{if Point3->coord(1)<Point2->coord (1)
{temp5=CreateOrModifyTemplate ("UDF_UpStrHo",GEOSET2,

UpperStringerHoles ,UpperStringerHoles.Size ()+1)

temp5->SetAttributeObject ("Start Front Spar", Wing
Planform\Wingbox\Spar\guideline for wing spars\Start Front Spar’)

temp5->SetAttributeObject ("Rib Axis Guideline
", Wing Planform\Wingbox\Ribs\Guidelines for Ribs\Rib Axis Guideline ")
temp5-> SetAttributeObject("Web Guideline",

UpperStringers.GetItem(a).GetAttributeObject ("Web Guideline"))

if a>1{temp5-> SetAttributeObject("Rib",
UpperStringerHoles.GetItem(UpperStringerHoles.Size () -1) .GetAttributeObject ("New
Rib"))}

else{temp5-> SetAttributeObject ("Rib",Ribs.GetItem (i)
)}

temp5 -> SetAttributeObject ("Upper Rib Edge",Ribs.
GetItem(i).GetAttributeObject ("Upper Rib Edge"))

temp5 ->SetAttributeDimension("Stiffener Height"
Skin parameters\Stiffener Height ,"length")

temp5 ->SetAttributeDimension("Stiffener Thickness"
, Skin parameters\Stiffener Thickness™,"length")

temp5 ->SetAttributeDimension("Tolerance" , Skin
parameters\Spar Hole Tolerance ,"length")

EndModifyTemplate (temp5)}}}

b=1
C=0
for b while b<=LowerStringers.Size(){
Point4=LowerStringers.GetItem(b) .GetAttributeObject ("Connection to
Aft Spar")
Point5=temp3.GetAttributeObject ("Rib End Point")
Point6=LowerStringers.GetItem(b) .GetAttributeObject ("Stringer Start
Point")
if Point4->coord(2)>Point5->coord(2)
{if Point6->coord(1l) <Point5->coord (1)
{temp6=CreateOrModifyTemplate ("UDF_LoStrHo",GEOSET2,
LowerStringerHoles ,LowerStringerHoles.Size () +1)
temp6->SetAttributeObject ("Start Front Spar", Wing
Planform\Wingbox\Spar\guideline for wing spars\Start Front Spar~)
temp6->SetAttributeObject ("Rib Axis Guideline
", Wing Planform\Wingbox\Ribs\Guidelines for Ribs\Rib Axis Guideline )
temp6-> SetAttributeObject("Web Guideline",
LowerStringers.GetItem(b).GetAttributeObject ("Web Guideline"))
if b>1
{temp6-> SetAttributeObject("Rib",LowerStringerHoles.
GetItem(LowerStringerHoles.Size()-1).GetAttributeObject("New Rib"))}
else
{temp6-> SetAttributeObject("Rib",UpperStringerHoles.
GetItem (UpperStringerHoles.Size()).GetAttributeObject ("New Rib"))}
temp6 -> SetAttributeObject("Lower Rib Edge",Ribs.
GetItem(i).GetAttributeObject("Lower Rib Edge"))
temp6 ->SetAttributeDimension("Stiffener Height"
Skin parameters\Stiffener Height ,"length")
temp6 ->SetAttributeDimension("Stiffener Thickness"
, Skin parameters\Stiffener Thickness™,"length")
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// temp6 ->SetAttributeDimension("Tolerance" , Skin
parameters\Spar Hole Tolerance ,"length")

// C=C+1

// EndModifyTemplate (temp6) }}}

// Notify ("HELLO #",C)

//split ("Relations\Rib+Stiffener Generation\LowerStringerHoles .GetItem(1).
GetAttributeObject ("New Rib")), Relations\Rib+Stiffener Generation\
LowerStringerHoles ~.GetItem (1) ,TRUE)

// Rb=new("Surface","Final Rib"+i,GEOSET1)

// Rb = LowerStringerHoles.GetItem(LowerStringerHoles.Size()).GetAttributeObject
("New Rib")

/7 if i <=1

// {Assemblel=LowerStringerHoles.GetItem(LowerStringerHoles.Size()).
GetAttributeObject ("New Rib")}

// else

// {Assemblel=assemble (Assemblel, LowerStringerHoles.GetItem(LowerStringerHoles.

Size()).GetAttributeObject ("New Rib"))}

//creating the stiffeners per rib

j=1

c=1

Curvel=Ribs.GetItem(i).GetAttributeObject ("Rib Line")

K = 1length(Curvel)/ Rib Parameters\Rib Stiffener Pitch~ //calculating the ratio

needed for stiffener placement
// Determine the amount of stiffeners on a rib taking into account the stiffener
flange
if "Rib Parameters\Rib Stiffener Pitch *floor(K)+ Rib Parameters\Rib Stiffener Height
“/2- length(Curvel) <=0
k=floor (K)
else {k=floor(K) -1}
//Notify ("There are # occurrences of Reference '#' under the root product",k)
for j while j<=k
{ temp4=CreateOrModifyTemplate ("UDF_Stiffeners",GEOSET1,RibStiffeners,
RibStiffeners.Size()+1)
temp4->SetAttributeObject ("Rib Line",temp3.GetAttributeObject ("Rib Line"))
temp4->SetAttributeObject ("Rib Start Point",temp3.GetAttributeObject ("Rib
Start Point"))
temp4->SetAttributeObject ("Upper Wing Surface",Surfacel)
temp4->SetAttributeObject ("Lower Wing Surface",Surface2)
temp4->SetAttributeObject ("Start_Front_Spar", 1. Wing Planform\1.3. Wingbox
\1.3.3. Spar\guideline for wing spars\Start Front Spar’)
temp4->SetAttributeObject ("Rib Axis Guideline", 1. Wing Planform\1.3.
Wingbox\1.3.1. Ribs\Guidelines for Ribs\Rib Axis Guideline ~)
R4=j/K
temp4->SetAttributeReal ("Ratio" ,R4)
temp4 ->SetAttributeDimension("H_Stiffener" , Rib Parameters\Rib Stiffener
Height *,"length")
//temp4 ->SetAttributeDimension("Upper Hole Tolerance",Omm,"length")
//temp4d ->SetAttributeDimension("Lower Hole Tolerance",Omm,"length")

// Point7=temp4.GetAttributeObject ("Start Point Stiffener")

// c=1

// for ¢ while c<=C

// {Point10 = UpperStringerHoles.GetItem(UpperStringerHoles.Size
()-c+1) .GetAttributeObject ("Hole Start Point")

// if sqrt((Point7.coord(1)-Point10.coord (1)) **2+(Point7

.coord(2)-Point10.coord(2))**2)<="Skin parameters\Stiffener Height /2+"
Rib Parameters\Stiffener Height /2

// {temp4 ->SetAttributeDimension("Upper Hole Tolerance"
, Skin parameters\Stiffener Height "+ Skin parameters\Stiffener Thickness
*,"Length")

// temp4 ->SetAttributeDimension("Lower Hole Tolerance", Skin
parameters\Stiffener Height "+ Skin parameters\Stiffener Thickness™,"
Length")}}

EndModifyTemplate (temp4)}
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//Engine Rib generation

i=1

EngPos="Engine Position\CG Engine Y 7 of span * Wingspan, b~/2

for i while i<=Ribs.Size()-1

{if Ribs.GetItem(i).GetAttributeObject("Rib Start Point").coord(2)>EngPos
{EngineRibPosition=i

break}}

// Engine rib Generation

GEOSET3=new ("OpenBodyFeature","Engine Rib", 1. Wing Planform\1.3. Wingbox\1.3.1. Ribs’)

templ=CreateOrModifyTemplate ("UDF_EngineRib" ,GEOSET3,EngineRib,1)

templ->SetAttributeObject ("Upper Wing Surface",Surfacel)

templ->SetAttributeObject ("Lower Wing Surface",Surface2)

templ->SetAttributeObject ("Rib14 Line",Ribs.GetItem(EngineRibPosition).GetAttributelObject ("
Rib Line"))

templ->SetAttributeObject ("Rib13" ,Ribs.GetItem(EngineRibPosition-1).GetAttributeObject ("Rib")
)

EndModifyTemplate (templ)

//creating the stiffeners per rib
j=1
Curvel=templ.GetAttributeObject ("Rib Engine Guideline")
//calculating the ratio needed for stiffener placement
K = 1length(Curvel)/ Rib Parameters\Rib Engine Stiffener Pitch’
// Determine the amount of stiffeners on a rib taking into account the stiffener flange
if "Rib Parameters\Rib Engine Stiffener Pitch *floor(K)+ Rib Parameters\Rib Engine Stiffener
Thickness ~/2- length(Curvel) <=0
k=floor (K)
else {k=floor(K) -1}

//Notify ("There are # occurrences of Reference '#' under the root product",k)
for j while j<=k
{ temp4=CreateOrModifyTemplate ("UDF_Stiffeners",GEOSET3,EngineRibStiffeners,
EngineRibStiffeners.Size () +1)
temp4->SetAttributeObject ("Rib Line",templ.GetAttributeObject ("Rib Engine Guideline")
)
temp4->SetAttributeObject ("Rib Start Point",templ.GetAttributeObject("Rib Engine
Start Point"))
temp4->SetAttributeObject ("Upper Wing Surface",Surfacel)
temp4->SetAttributeObject ("Lower Wing Surface",Surface2)
temp4->SetAttributeObject ("Start_Front_Spar", 1. Wing Planform\1l.1. Original Wing
Airfoils\1.1.2. P2.\P2.Axis Origin~)
temp4->SetAttributeObject ("Rib Axis Guideline", 1. Wing Planform\1l.1. Original Wing
Airfoils\1.1.2. P2.\P2.Chord")
R4=1-j/K
temp4->SetAttributeReal ("Ratio" ,R4)
temp4 ->SetAttributeDimension("H_Stiffener" , Rib Parameters\Rib Engine Stiffener
Height *,"length")
EndModifyTemplate (temp4)}

// Create Join for Ribs for FEM Mesh
InboardRibs=Ribs.GetItem (1) .GetAttributeObject ("RibV2")
OutboardRibs=Ribs.GetItem(Ribs.Size()).GetAttributeObject ("RibV2")
EngineSupportRibs = Ribs.GetItem(EngineRibPosition).GetAttributeObject ("RibV2")
i=2
for i while i<=Ribs.Size()-1
{if i==EngineRibPosition
{continue}
else if i>=EngineRibPosition-2 and i<=EngineRibPosition+1
{EngineSupportRibs=assemble (EngineSupportRibs ,Ribs.GetItem(i).GetAttributeObject ("
RibV2"))}
else if pointoncurveRatio(Ribs.GetItem(i).GetAttributeObject("Rib Line"),Ribs.GetItem
(i) .GetAttributeObject ("Rib Start Point"),1,True).coord(2)< 1. Wing Planform\1l.1.
Original Wing Airfoils\1.1.3. P3.Yehudi\P3.Axis System\Origin\Y"
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{InboardRibs=assemble (InboardRibs ,Ribs.GetItem(i).GetAttributeObject ("RibV2"))}
else
{OutboardRibs=assemble (OutboardRibs ,Ribs.GetItem(i).GetAttributeObject ("RibV2"))}}

"5. ForFEMSimulation\5.1. Wingbox Elements\5.1.1. Uncorrected\Inboard Rib Assemble w/o Engine
Support Ribs "=InboardRibs

"5. ForFEMSimulation\5.1. Wingbox Elements\5.1.1. Uncorrected\Outboard Rib Assemble w/o
Engine Support Ribs "=0OutboardRibs

"5. ForFEMSimulation\5.1. Wingbox Elements\5.1.1. Uncorrected\Engine Support Ribs =
EngineSupportRibs

"5. ForFEMSimulation\5.1. Wingbox Elements\5.1.1. Uncorrected\Engine Rib “=EngineRib.GetItem
1)

// Rib stiffeners

RibStiffenersJoin=RibStiffeners.GetItem (1)

i=2

for i while i<=RibStiffeners.Size()

{RibStiffenersJoin=assemble (RibStiffenersJoin,RibStiffeners.GetItem(i))}

“5. ForFEMSimulation\5.1. Wingbox Elements\5.1.1. Uncorrected\Rib Stiffener Assemble =
RibStiffenersJoin

// Engine Rib Stiffeners

EngineRibStiffenersJoin=EngineRibStiffeners.GetItem (1)

i=2

for i while i<=EngineRibStiffeners.Size()

{EngineRibStiffenersJoin=assemble (EngineRibStiffenersJoin ,EngineRibStiffeners.GetItem(i))}

"5. ForFEMSimulation\5.1. Wingbox Elements\5.1.1. Uncorrected\Engine Rib Stiffener Assemble =
EngineRibStiffenersJoin

A.2. Stringers

let 1,m,s,t,i (Integer)

let S,T,R1,R2 (Real)

let templ,temp2 (Feature)

let StringerJoin, UpperStringersJoin,LowerStringersJoin,Surfacel,Surface2(Surface)
let GEOSET1(OpenBodyFeature)

Surfacel="1. Wing Planform\1.3. Wingbox\Lower Wing Surface\Upper Wing Surface’
Surface2="1. Wing Planform\1.3. Wingbox\Lower Wing Surface’

// upper Stringers stiffeners
1=1
S = length( 1. Wing Planform\1.3. Wingbox\1.3.1. Ribs\Inboard Wingbox closing’)/ Skin
parameters\Skin Upper Stiffener Pitch’
// Determine the amount of stiffeners on a rib taking into account the stiffener flange
if “Skin parameters\Skin Upper Stiffener Pitch *floor(S)+ Skin parameters\Skin Upper
Stiffener Height /2-length( 1. Wing Planform\1.3. Wingbox\1.3.1. Ribs\Inboard Wingbox
closing ™) <=0
s=floor (S)
else {s=floor(s)-1 }

//Notify ("There are # occurrences of Reference '#' under the root product",s)

for 1 while 1<=s
{ templ=CreateOrModifyTemplate ("UDF_UpStringers", 1. Wing Planform\1.3. Wingbox\1.3.2.
Stringers\Upper Surface Stringers ,UpStringers,l)
templ->SetAttributeObject ("Start Front Spar", 1. Wing Planform\1.3. Wingbox\1.3.3.
Spar\guideline for wing spars\Start Front Spar )
templ->SetAttributeObject ("Upper Wing Surface",Surfacel)
templ->SetAttributeObject ("Front spar", 1. Wing Planform\1.3. Wingbox\1.3.3. Spar\
guideline for wing spars\Front spar position’)
templ->SetAttributeObject ("Inboard Wingbox closing", 1. Wing Planform\1.3.
Wingbox\1.3.1. Ribs\Inboard Wingbox closing ™)
templ->SetAttributeObject ("Aft Stringer Connection", 1. Wing Planform\1.3. Wingbox
\1.3.2. Stringers\Aft Stringer Connection )
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A.3. Spar Stiffeners
R1=1/8S
templ->SetAttributeReal ("Ratio",R1)
templ ->SetAttributeDimension("Stiffener Height" , Skin parameters\Skin Upper
Stiffener Height ™ ,"length")
EndModifyTemplate (templ)
}
// Lower Stringers stiffeners
m=1
T = length( 1. Wing Planform\1.3. Wingbox\1.3.1. Ribs\Inboard Wingbox closing’)/ Skin

// Determine the amount of stiffeners on a rib taking into account the stiffener flange
“Skin parameters\Skin Lower Stiffener Pitch *floor(T)+ Skin parameters\Skin Lower
Stiffener Height /2-length( 1. Wing Planform\1.3. Wingbox\1.3.1.

if

parameters\Skin Lower Stiffener Pitch~

closing ) <=0
t=floor (T)

else {t=floor(T)-1 }

//Notify ("There are # occurrences of Reference '#' under the root product",bk)

for

m while m<=t

Ribs\Inboard Wingbox

{ temp2=CreateOrModifyTemplate ("UDF_LoStringers", 1. Wing Planform\1.3. Wingbox\1.3.2.
Stringers\Lower Surface Stringers”,LoStringers,m)
temp2->SetAttributeObject ("Start Front Spar", 1. Wing Planform\1.3. Wingbox\1.3.3.
Spar\guideline for wing spars\Start Front Spar’)
temp2->SetAttributeObject ("Lower Wing Surface",Surface2)
temp2->SetAttributeObject ("Front spar", 1. Wing Planform\1.3. Wingbox\1.3.3. Spar\
guideline for wing spars\Front spar position )
temp2->SetAttributeObject ("Inboard Wingbox closing", 1. Wing Planform\1.3.
Wingbox\1.3.1. Ribs\Inboard Wingbox closing )
temp2->SetAttributeObject ("Aft Stringer Connection",” 1. Wing Planform\1.3. Wingbox
\1.3.2. Stringers\Aft Stringer Connection )
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R2=m/T
temp2->SetAttributeReal ("Ratio",R2)

temp2 ->SetAttributeDimension("Stiffener Height"

Stiffener Height™,"length")
EndModifyTemplate (temp2)

//Stringers
UpperStringersJoin=UpStringers.GetItem(1)

i=2
for

{UpperStringersJoin=assemble (UpperStringersJoin,UpStringers.GetItem(i))}

i while i<=UpStringers.Size()

LowerStringersJoin=LoStringers.GetItem (1)

i=2
for

{LowerStringersJoin=assemble (LowerStringersJoin,LoStringers.GetItem(i))}

i while i<=LoStringers.Size()

, Skin parameters\Skin Lower

"5. ForFEMSimulation\5.1. Wingbox Elements\5.1.1. Uncorrected\Upper Stringers Assemble =
UpperStringersJoin
*5. ForFEMSimulation\5.1. Wingbox Elements\5.1.1. Uncorrected\Lower Stringers Assemble =

LowerStringersJoin

A.3. Spar Stiffeners

let
let
let
let
let
let
let
let

i,k (Integer)

PO(Point)

P(Curve)

71,22 (LENGTH)

V,K (Real)

temp (Feature)

GEOSET1,GEOSET2 (OpenBodyFeature)

Joinl, SparStiffenerJoin,Surfacel,Surface2(Surface)

//Wing Surface Elements
if MorphingSetting==

{Surfacel="1.
Surface2="1.

Wing Planform\1.3. Wingbox\Lower Wing Surface\Upper Wing Surface-
Wing Planform\1.3. Wingbox\Lower Wing Surface }
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else if MorphingSetting==

{Surfacel="1. Wing Planform\1.2. Wing Surface\1.2.2. Morphing Wing 1\Mi. Lower Surface\M1.
Upper Surface”

Surface2="1. Wing Planform\1.2. Wing Surface\1.2.2. Morphing Wing 1\M1. Lower Surface '}

else if MorphingSetting==

{Surfacel="1. Wing Planform\1.2. Wing Surface\1.2.3. Morphing Wing 2\M2. Lower Surface\M2.
Upper Surface”

Surface2="1. Wing Planform\1.2. Wing Surface\1.2.3. Morphing Wing 2\M2. Lower Surface '}

Z2= "~Spar Parameters\Spar Stiffener Height~

// Front spar stiffeners
i=1
Z1= length( 1. Wing Planform\1.3. Wingbox\1.3.3. Spar\guideline for wing spars\Front spar
position”)
K = Z1/ Spar Parameters\Spar Stiffener Pitch’
k=floor (K)

// Determine the amount of stiffeners on a rib taking into account the stiffener flange
if “Spar Parameters\Spar Stiffener Pitch *k+ Spar Parameters\Spar Stiffener Height /2-Z1>=0
{k=k-1}

if “Spar Parameters\Spar Stiffener Pitch *k+( Spar Parameters\Spar Stiffener Height "+ Spar
Parameters\Spar Stiffener Thickness )#*sin( 1. Wing Planform\1.3. Wingbox\1.3.3. Spar\
guideline for wing spars\Spar Parameters\LE Spar Sweep  )-Z1>=0

{k=k-1}

//Notify("Hello", Spar Parameters\Stiffener Pitch *floor(K)+ Spar Parameters\Stiffener Height
T/2-Z1)

//Notify("Hello",Z1)

//Notify ("There are # occurrences of Reference '#' under the root product",k)

for i while i<=k
{ GEOSET1=new("OpenBodyFeature","Front Spar Stiffeners", 1. Wing Planform\1.3. Wingbox
\1.3.3. Spar”)
temp=CreateOrModifyTemplate ("UDF_SparStiffeners",GEOSET1,FrontSparStiffeners,i)
temp->SetAttributeObject ("Aft spar position", 1. Wing Planform\1.3. Wingbox\1.3.3.
Spar\guideline for wing spars\Front spar position )
temp->SetAttributeObject ("Start Aft Spar", 1. Wing Planform\1.3. Wingbox
\1.3.3. Spar\guideline for wing spars\Start Front Spar”)
temp->SetAttributeObject ("Aft Spar", 1. Wing Planform\1.3. Wingbox\1.3.3.
Spar\guideline for wing spars\Front Spar Guide )
temp->SetAttributeObject ("Start Front Spar", 1. Wing Planform\1.3. Wingbox
\1.3.3. Spar\guideline for wing spars\Start Front Spar’)
temp->SetAttributeObject ("Guideline Aft Spar Stiffeners", 1. Wing Planform
\1.3. Wingbox\1.3.3. Spar\guideline for wing spars\Guideline Front Spar
stiffeners )
temp->SetAttributeObject ("Upper Wing Surface",Surfacel)
temp->SetAttributeObject ("Lower Wing Surface",Surface2)
V=i/K
temp->SetAttributeReal ("Ratio",V)
temp ->SetAttributeDimension("H_Stiffener", Spar Parameters\Spar Stiffener Height~,'
length')
EndModifyTemplate (temp)
}

//Aft Spar Stiffeners

i=1
Z1= length( 1. Wing Planform\1.3. Wingbox\1.3.3. Spar\guideline for wing spars\Aft spar
position”)
K = Z1/ Spar Parameters\Spar Stiffener Pitch~
k=floor (XK)

// Determine the amount of stiffeners on a rib taking into account the stiffener flange
if “Spar Parameters\Spar Stiffener Pitch *k+ Spar Parameters\Spar Stiffener Height -Z1>=0
{k=k-1}

if “Spar Parameters\Spar Stiffener Pitch *k+( Spar Parameters\Spar Stiffener Height "+ Spar
Parameters\Spar Stiffener Thickness )#*sin( 1. Wing Planform\1.3. Wingbox\1.3.3. Spar\
guideline for wing spars\Spar Parameters\TE Spar Sweep  )-Z1>=0
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{k=k-1}

//Notify ("There are # occurrences of Reference '#' under the root product",( Spar Parameters
\Stiffener Height + Spar Parameters\Stiffener Thickness )*sin( Wing Planform\Wingbox\Spar
\guideline for wing spars\Spar Parameters\TE Spar Sweep /180%PI))

for i while i<=k
{ GEOSET2=new ("OpenBodyFeature","Aft Spar Stiffeners", 1. Wing Planform\1.3. Wingbox
\1.3.3. Spar’)
temp=CreateOrModifyTemplate ("UDF_SparStiffeners",GEOSET2,AftSparStiffeners,i)
temp->SetAttributeObject ("Aft spar position", 1. Wing Planform\1.3. Wingbox\1.3.3.
Spar\guideline for wing spars\Aft spar position’)
temp->SetAttributeObject ("Start Aft Spar", 1. Wing Planform\1.3. Wingbox
\1.3.3. Spar\guideline for wing spars\Start Aft Spar )
temp->SetAttributeObject ("Aft Spar", 1. Wing Planform\1.3. Wingbox\1.3.3.
Spar\guideline for wing spars\Aft Spar’)
temp->SetAttributeObject ("Start Front Spar", 1. Wing Planform\1.3. Wingbox
\1.3.3. Spar\guideline for wing spars\Start Front Spar~)
temp->SetAttributeObject ("Guideline Aft Spar Stiffeners", 1. Wing Planform
\1.3. Wingbox\1.3.3. Spar\guideline for wing spars\Guideline Aft Spar
Stiffeners ™)
temp->SetAttributeObject ("Upper Wing Surface",Surface2)
temp->SetAttributeObject ("Lower Wing Surface",Surfacel)
V=i/K
temp->SetAttributeReal ("Ratio",V)
temp ->SetAttributeDimension("H_Stiffener", Spar Parameters\Spar Stiffener Height~,'
length')
EndModifyTemplate (temp)
}

SparStiffenerJoin=FrontSparStiffeners.GetItem (1)

i=2

for i while i<=FrontSparStiffeners.Size()

{SparStiffenerJoin=assemble (SparStiffenerJoin,FrontSparStiffeners.GetItem(i))}

i=1

for i while i<=AftSparStiffeners.Size()

{SparStiffenerJoin=assemble (SparStiffenerJoin,AftSparStiffeners.GetItem(i))}

"5. ForFEMSimulation\5.1. Wingbox Elements\5.1.1. Uncorrected\Spar Stiffener Assemble =
SparStiffenerJoin

A.4. FEM Preparation

let i,j,1,m,n,EngRib,Counter (Integer)

let P(Real)

let Joinl, Join2, Surfacel,Surface2, LEUp,LELo,TEUp,TELo, SparJoin (surface)

let RibStart, RibEnd, SurfaceUp, Surfacelo, WingboxUp,WingboxLo, FuelTankAss, Spars (surface)
let FuelTankVol (volume)

let RibList(list)

let GEOSET2, GEOSET3 (OpenBodyFeature)

GEOSET2 = new("OpenBodyFeature","5.2.1. Uncorrected", 5. ForFEMSimulation\5.2. Wing Surface
Elements ~)

GEOSET3 = new("OpenBodyFeature","5.3.1. Fuel Tank Volumes", 5. ForFEMSimulation\5.3.
Guidelines Wing Surface )

//create a upper and lower surface.
//Wing Surface Elements
Joinl = new("Surface", "Uncorrected Trailing Clossing " , GEOSET2)
Join2 = new("Surface", "Uncorrected Tip Close 0ff " , GEOSET2)
if MorphingSetting==
{Surfacel="1. Wing Planform\1.3. Wingbox\Lower Wing Surface\Upper Wing Surface’
Surface2="1. Wing Planform\1.3. Wingbox\Lower Wing Surface’
Join2="1. Wing Planform\1.2. Wing Surfacel\l.2.1. Original Wing Surface\Tip Close Off"
Joinl=assemble("1. Wing Planform\1.2. Wing Surface\1l.2.1. Original Wing Surface\Inboard TE
Fill~, 1. Wing Planform\1.2. Wing Surface\1.2.1. Original Wing Surface\Outboard TE Fill )
}
else if MorphingSetting==
{Surfacel="1. Wing Planform\1.2. Wing Surface\1.2.2. Morphing Wing 1\M1. Lower Surface\Mi.
Upper Surface”
Surface2="1. Wing Planform\1.2. Wing Surface\1.2.2. Morphing Wing 1\M1. Lower Surface
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Join2="1. Wing Planform\1.2. Wing Surface\1.2.2. Morphing Wing 1\Mi. Tip Close Off"
Joinl=assemble (1. Wing Planform\1.2. Wing Surface\l.2.1. Original Wing Surface\
Inboard TE Fill~, 1. Wing Planform\1.2. Wing Surface\l.2.2. Morphing Wing 1\M1.
Outboard TE Fill"™)
}
else if MorphingSetting==2
{Surfacel="1. Wing Planform\1.2. Wing Surface\1.2.3. Morphing Wing 2\M2. Lower Surface\M2.
Upper Surface”
Surface2="1. Wing Planform\1.2. Wing Surface\1.2.3. Morphing Wing 2\M2. Lower Surface
Join2="1. Wing Planform\1.2. Wing Surface\1l.2.3. Morphing Wing 2\M2. Tip Close O0ff"
Joinl=assemble( 1. Wing Planform\1.2. Wing Surface\1.2.1. Original Wing Surface\
Inboard TE Fill™, 1. Wing Planform\1.2. Wing Surface\1.2.3. Morphing Wing 2\M2.
Outboard TE Fill 1°,71. Wing Planform\1.2. Wing Surface\1.2.3. Morphing Wing 2\M2
Outboard TE Fill 27)
}

// Leading edge and Trailing Edge Surfaces
LEUp=split(Surfacel, 1. Wing Planform\1.3. Wingbox\1.3.3. Spar\Front Spar”,False)
LELo=split(Surface2, 1. Wing Planform\1.3. Wingbox\1.3.3. Spar\Front Spar”,False)

WingboxUp=split (split(Surfacel, 1. Wing Planform\1.3. Wingbox\1.3.3. Spar\Front Spar”,True)
, 1. Wing Planform\1.3. Wingbox\1.3.3. Spar\Aft Spar ,False)

WingboxLo=split(split(Surface2, 1. Wing Planform\1.3. Wingbox\1.3.3. Spar\Front Spar”,True)
, 1. Wing Planform\1.3. Wingbox\1.3.3. Spar\Aft Spar ,False)

TEUp=split (Surfacel, 1. Wing Planform\1.3. Wingbox\1.3.3. Spar\Aft Spar”,True)
TELo=split (Surface2, 1. Wing Planform\1.3. Wingbox\1.3.3. Spar\Aft Spar”,True)

SparJoin=assemble("1. Wing Planform\1.3. Wingbox\1.3.3. Spar\Front Spar”, 1. Wing Planform
\1.3. Wingbox\1.3.3. Spar\Aft Spar’)

// Find the ribs to enclose the fuel tanks.
j=1
1=1
P=0.26
Counter=0
for j while j<=Ribs.Size()-1
{if P<0.8
{if pointoncurveRatio(Ribs.GetItem(j).GetAttributeObject ("Rib Line"),Ribs.GetItem(j).
GetAttributeObject ("Rib Start Point"),0.5,True).coord(2)>P* Wingspan, b /2
{RibList.AddItem(j,1)
P=P+0.1
1=1+1}}
if Counter==
{if Ribs.GetItem(j).GetAttributeObject ("Rib Start Point").coord(2)> Engine Position\
CG Engine Y 7% of span * Wingspan, b~ /2
{EngRib=j
Counter=1}}

//Surface and Volume of Fuel Tanks
1=1
m=RibList.GetItem(1l)

Joinl=new("Surface", "LE Upper Surface "+(1) , GEOSET2)
Joinl= split(LEUp,Ribs.GetItem(m).GetAttributeObject ("Extrude for Split"),True)
Joinl=new("Surface", "LE Lower Surface "+(1) , GEOSET2)

Joinl=split (LELo,Ribs.GetItem(m).GetAttributeObject ("Extrude for Split"),True)

SurfaceUp=new("Surface", "Wingbox Upper Surface "+(1) , GEOSET2)
SurfaceUp= split(WingboxUp,Ribs.GetItem(m).GetAttributeObject ("Extrude for Split"),True)

Surfacelo=new("Surface", "Wingbox Lower Surface "+(1) , GEOSET2)
SurfaceLo=split(WingboxLo ,Ribs.GetItem(m).GetAttributeObject ("Extrude for Split"),True)

Joinl=new("Surface", "TE Upper Surface "+(1) , GEOSET2)
Joinl= split (TEUp,Ribs.GetItem(m).GetAttributeObject ("Extrude for Split"),True)
Joinl=new("Surface", "TE Lower Surface "+(1) , GEOSET2)
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Joinl=split (TELo,Ribs.GetItem(m).GetAttributeObject ("Extrude for Split"),True)

RibStart = split(split( 1. Wing Planform\1.2. Wing Surface\1l.2.1. Original Wing Surface\Body
Close 0ff~, 1. Wing Planform\1.3. Wingbox\1.3.3. Spar\Front Spar”,True), 1. Wing Planform

\1.3. Wingbox\1.3.3. Spar\Aft Spar ,False)
RibEnd = Ribs.GetItem(m).GetAttributeObject ("Rib")
Spars=split (SparJoin, RibEnd,True)

FuelTankAss=new("Surface","Fuel Tank"+(1l),GEOSET3)
FuelTankAss = assemble(RibStart, RibEnd, SurfaceUp,Surfacelo, Spars)

for 1 while 1<=RibList.Size()-1
{m=RibList.GetItem(1l)
n=RibList.GetItem(1l+1)

Joinl=new("Surface", "LE Upper Surface "+(1+1) , GEOSET2)

Joinl= split(split(LEUp,Ribs.GetItem(n).GetAttributeObject ("Extrude for Split"),True)

, Ribs.GetItem(m).GetAttributeObject ("Extrude for Split"),False)
Joinl=new("Surface", "LE Lower Surface "+(1+1) , GEOSET2)

Joinl=split(split (LELo,Ribs.GetItem(n).GetAttributeObject ("Extrude for Split"),True),

Ribs.GetItem(m) .GetAttributeObject ("Extrude for Split"),False)

SurfaceUp=new("Surface", "Wingbox Upper Surface "+(1+1) , GEOSET2)

SurfaceUp= split(split(WingboxUp,Ribs.GetItem(n).GetAttributeObject ("Extrude for
Split"),True), Ribs.GetItem(m).GetAttributeObject ("Extrude for Split"),False)

SurfaceLo=new("Surface", "Wingbox Lower Surface "+(1l+1) , GEOSET2)

SurfacelLo=split(split(WingboxLo,Ribs.GetItem(n).GetAttributeObject ("Extrude for Split

") ,True) ,Ribs.GetItem(m) .GetAttributeObject ("Extrude for Split"),False)

Joinl=new("Surface", "TE Upper Surface "+(1+1) , GEOSET2)

Joinl= split(split(TEUp,Ribs.GetItem(n).GetAttributeObject ("Extrude for Split"),True)

, Ribs.GetItem(m).GetAttributeObject ("Extrude for Split"),False)
Joinl=new("Surface", "TE Lower Surface "+(1+1) , GEOSET2)

Joinl=split(split (TELo,Ribs.GetItem(n).GetAttributeObject ("Extrude for Split"),True),

Ribs.GetItem(m) .GetAttributeObject ("Extrude for Split"),False)

RibStart = Ribs.GetItem(m).GetAttributeObject ("Rib")
RibEnd = Ribs.GetItem(n).GetAttributeObject("Rib")
Spars=split(split(SparJoin, RibEnd,True),RibStart,False)

FuelTankAss=new("Surface","Fuel Tank"+(1+1),GEOSET3)
FuelTankAss = assemble(RibStart, RibEnd, SurfaceUp,Surfacelo, Spars)
}

Joinl=new("Surface","LE Upper Surface "+(1+1),GE0SET2)

Joinl=split (LEUp,Ribs.GetItem(RibList.GetItem(RibList.Size())).GetAttributeObject ("Extrude

for Split"),False)
Joinl=new("Surface","LE Lower Surface "+(1+1),GEOSET2)

Joinl=split (LELo,Ribs.GetItem(RibList.GetItem(RibList.Size())).GetAttributeObject ("Extrude

for Split"),False)

Joinl=new("Surface","Wingbox Upper Surface "+(1+1),GEOSET2)

Joinl=split (WingboxUp,Ribs.GetItem(RibList.GetItem(RibList.Size())).GetAttributelObject ("

Extrude for Split"),False)
Joinl=new("Surface","Wingbox Lower Surface "+(1+1) ,GEOSET2)

Joinl=split(WingboxLo,Ribs.GetItem(RibList.GetItem(RibList.Size())).GetAttributeObject ("

Extrude for Split"),False)

Joinl=new("Surface","TE Upper Surface "+(1+1),GE0SET2)

Joinl=split (TEUp,Ribs.GetItem(RibList.GetItem(RibList.Size())).GetAttributeObject ("Extrude

for Split"),False)
Joinl=new("Surface","TE Lower Surface "+(1+1),GEOSET2)

Joinl=split (TELo,Ribs.GetItem(RibList.GetItem(RibList.Size())).GetAttributeObject ("Extrude

for Split"),False)
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