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Abstract

A new developed extended physics-based wing mass estimation system is presented in this
study. The tool chain is highly flexible in terms of geometries and therefore applicable for con-
ventional and unconventional wings and novel structural layouts. Compared to state-off-the-art
wing mass estimation tools, the physical modeling and therefore the physics-based mass estima-
tion is extended beyond the wing primary structure. The developed mass estimation system in-
cludes the masses of the heaviest secondary structures, which are the flaps including flap tracks
and carriages as well as the ailerons including their wing attachment. Additionally, the load-
carrying structure of the engine pylon and the landing gear is included in the structural model,
to take their influence on the wing structure into account.

Besides the structural analysis and sizing capability, the tool chain consist of the load calcula-
tion modules for the aerodynamic loads, the distributed fuel pressure loads, the landing gear
loads and the engine thrust loads. The tool chain includes a static aeroelastic loop, which up-
dates the aerodynamic, fuel and engine loads with respect to the wing deformation.

The structural wing model is based on finite element shell models. The load carrying struc-
tures of the flap tracks is modeled in detail. This enables the deflection of the flaps in the FE
model and ensures realistic load paths in the tracks, which is mandatory for a realistic sizing.

The aerodynamic load estimation is based on the vortex-lattice theory. The vortex-lattice
model includes a representation of the slats and flaps that takes the fowler motion of the flaps
into account. The validation of the vortex-lattice results is performed by comparing the vortex-
lattice results with RANS results and shows a high accuracy.

The estimation of the fuel loads on the wing is performed by a detailed modeling of the fuel
in the wing, which allows the accurate computation of the distributed fuel pressure on the wing
skins, ribs and spars. The ground forces on the landing gear and the engine thrust are consid-
ered as force vectors in the finite element model, while the engine itself is modeled as a mass
point that is attached to the engine pylon.

Beside the analysis tools, the developed multi-model generator ELWIS is the core element of
the mass estimation system. The generation of complex analysis models, as in the WINGmass
tool chain, usually requires a huge amount of user-defined input parameters. This makes such
models infeasible for preliminary aircraft design. Therefore, a knowledge-based approach is cho-
sen for the ELWIS model generator. This means, that a large amount of engineering rules are
implemented in ELWIS, wherefore the model generation process is performed automatically
based on few user-friendly input parameters. The data model CPACS is chosen as input format.
Therefore, the WINGmass tool chain is easy to integrate in a wider aircraft design environment,
which is favorable for analysis tools of the preliminary design phase.

The mass output of the WINGmass tool chain is calibrated with respect to two reference air-
craft: the Airbus A320 and the Airbus A340-200. The calibration shows very small differences
between the calibrated results and the reference aircraft, which shows the high accuracy of the
tool chain.



To demonstrate the required flexibility of the wing mass estimation system, exemplary studies
on five different configurations are performed. The configurations include a strut braced wing, a
box wing, a blended wing body, a conventional wing with a double slotted flap and a conven-
tional wing with a multi-spar flap.

Finally, the benefits of the extended physics-based modeling and the application of the
WINGmass system in an interdisciplinary aircraft design environment are shown in an aircraft
design study. The objective of this study is to compute the optimal wing shape in terms of mis-
sion fuel as a function of the take-off field length. Therefore, a parameter variation on the wing
and flap geometry is performed, the engine scaled correspondingly and the mission fuel evaluat-
ed.
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Chapter 1
INTRODUCTION

The international aviation industry is facing significant economic and environmental challeng-
es. On the economics side, the aviation industry needs to manage considerable increases in fuel
prices [1] as well as diverse new taxes and duties, like the emission trading scheme of the Euro-
pean Union [2], the German air passenger taxes [3, 4], the Air Passenger Duty (APD) in the UK
[5] or the different airport improvement fees, such as the passenger facility charge (PFC) in the
United States [6].

On the environmental side, the aviation industry is responsible for a growing proportion of
the worldwide CO, emissions. The public awareness of the aviation industry’s CO, emissions is
growing even faster, which has led to strong pressure from the public to reduce aircraft emis-
sions. Additionally, the growing public awareness on aircraft noise has led to increasing pressure
on the aviation industry, as shown for example by the protests against new runways in Frank-
furt and Munich [7].

These challenges have to be addressed by all participants of the air transportation system.
One group of these participants are the aircraft manufacturers, who are expected to develop new
aircraft meeting the increased economic and environmental demands. In the design offices of the
manufacturers and research institutions, a large collection of different suggestions exist, how fu-
ture aircraft could be designed. The different concepts and technologies range from completely
new aircraft configurations, like blended wing body (BWB) [8, 9, 10| or box wing aircraft [11,
12, 13|, to the implementation of new technologies in more conventional aircraft designs. Exam-
ples are advanced materials, like CFRP, laminar flow wings [14, 15| or configurations employing
powered lift concepts for quieter takeoff and landing procedures [16, 17]. Additionally, more de-
tailed technologies, such as integrated CFRP multi-spar torsion boxes [18] must be considered

for new aircraft generations.

Most of the aforementioned concepts require new wing designs, including new designs of the
high-lift system. In the majority of studies on preliminary wing design, models are used which
employ physics-based methods, making use of the beam or shell theory for primary structural
wing components. Secondary structures are captured via empirical correlations (see chapter 1.2).
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However, most of the proposed novel concepts
exceed the knowledge base of the empirical meth-
ods as materials, construction principals, wing ge-
ometry or loads are fundamentally changed com-
pared to the knowledge base. Therefore, the
accuracy of these methods in terms of absolute
values and sensitivities has to be seen critical, if
they should be used for the proposed novel con-
cepts. Additionally, the separate and independent
models for primary and secondary wing structures
do not necessarily lead the optimizer to the opti-
mal design as the interaction between the wing
primary structure and its subcomponents is not
considered.

With the developed multidisciplinary physics-
based wing mass estimation process, a contribu-
tion towards the development of integrated design
tools, meeting the challenges of the future, is pre-
sented.

1.1 Wing Mass Estimation as Part of |
Preliminary Aircraft Design

Fig. 1.1: Innovative wing concepts requiring in-
tegrated physics-based design capabili-
development process is split in several phases, ties.

During the development of a new aircraft, the

starting with the product idea and ending with

the entry into service of the aircraft. One of the early phases is the preliminary aircraft design,
in which the new configuration is optimized as a whole in order to minimize fuel burn and costs.
During this design phase, various methods with different level of fidelity are used to predict the
properties of the aircraft.

Beside the efficiency of the engine and the aerodynamic properties of the aircraft, the aircraft
mass is one of the key performance indicators. Therefore, the estimation of the aircraft mass is
one of the most important challenges during the early design stages. With a share of 35-50% of
the structural mass of modern passenger aircraft [19], the wing is the heaviest structural compo-
nent. Therefore a special focus has to lay on the accurate mass estimation of the wing.

1.1.1 The Aircraft Design Process

The overall aircraft design process is described by various authors in the main aircraft design
text books [20, 21]. Within these text books, the aircraft design is divided in three major phases:
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the conceptual design phase, the preliminary design phase and the detailed design phase (see
Fig. 1.2). The Airbus milestone model [22, 23| is similar, but more detailed. In particular, the
Airbus model not only considers the engineering part of the aircraft design, but also focuses on
economic, management and manufacturing aspects of the project. Note, that the aircraft design
is never a straight forward process, rather than a highly iterative process inside and between the
different phases of aircraft design.

During the conceptual design ...
research - development - marketing |

conceptual design

phase a very wide design space is

considered for the new aircraft de-

. . . . : figuration fr
sign in order to find the optimal s e e
preliminary

z z certification
design meeting the requirements. Hesign detailed design l
During this phase the configuration go-aheafd[ manufacturing |
. . . . ‘ OV testin
of the aircraft is defined, e.g. wing app]o‘?l ...

and tail configurations. To make

the complexity manageable, typi- Tinitial Hkfiviny
cally simpler methods and tools 3 o _ ; .

. i configuration i detail _i  Service
(e.g. analytical methods) are used. * development JeelEn > engineering

These methods require only a few . ) .
Fig. 1.2: Development phases of the conventional aircraft design

input parameters and are therefore process (based on [21]).

well suited for this design phase.

During the preliminary design phase the conceptual design from the previous phase is ana-
lyzed more in detail. The specialists from the various disciplines, such as structures, landing
gear and aerodynamics, perform analyses and optimizations for their portion of the new aircraft.
During this phase, the aircraft concept remains unchanged, but on a more detailed level the air-
craft is modified. For example the exact wing planform or the spanwise thickness distribution of
the wing is optimized. In the preliminary design phase, physics-based methods and tools with
analytical extensions are used (see chapter 1.1.2).

The detailed design phase is the last phase of the aircraft design process. During this phase all
individual parts of the aircraft are designed and the production is prepared, while the outer ge-
ometry and the structural layout are not changed. During this phase the most detailed methods
are used, such as non-linear finite element analysis of structural parts and assemblies.

The above described design approach has been sufficient for aircraft design over the last dec-
ades. However, the question arises, if this approach is nowadays still sufficient enough. La Rocca
[25] described several weaknesses of the conventional design approach:

e The conceptual design phase is far too short, if one considers the enormous impact of
this phase on the development program. 70% of lifecycle costs are committed during
this phase, while only 1% of the total costs are incurred (see Fig. 1.3).

e The baseline concept after the conceptual design phase is only modified in detail dur-
ing the later phases. But this concept is mostly based on extremely simplified methods
and engineers experience. These analytical methods become inadequate as soon as new
requirements or technologies are to be considered. Additionally, the number of new
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aircraft programs is declining, while aircraft become much more complex. Therefore,
the engineers experience is less available as the main guide for design decisions.

e The conventional design approach leads to the ‘knowledge paradox’. This means, that
the designers increase their knowledge about the design, but at the same time lose
their design freedom, which may lead to suboptimal designs.

To overcome these weaknesses, considerable research efforts have been undertaken during the
last years. One focus of this research is to increase the product knowledge in the early design
phases, while slowing down the decreasing design freedom in later design phases. A second focus
lies on the coupling of different disciplines to enable the designers to find the real optimal solu-
tion, which might differ from the sum of disciplinary optima.

The increasing computational Costs
power of today’s computers pro- ' _
vides the basis for the development N Easeof T T
of numerous new aircraft design \\;h‘mge '\
tools. The goal of these tools is to v Committed
support the designer, as much as cost ﬁs‘ggﬁ
possible, in designing the optimal ) MH
aircraft. Therefore, these tools pro- 2 . LTI o Time
vide capabilities such as multidis- First Design End of
idea freeze development
ciplinary analysis and (partly-) au- N g N y )

tomated model generation that are

Preliminary design phase Detailed design phase

often based on knowledge-based

engineering techniques. Fig. 1.3: Costs during aircraft development [24].

1.1.2 Classification of Methods for Wing Mass Estimation

In principal, analysis methods for wing mass estimation (as well as for all other disciplines)
can be classified as either empirical or physics-based.

Empirical methods are derived from statistical analysis of existing aircraft. For wing mass es-
timation, the wing mass is e.g. correlated with the wing area and the maximum take-off mass
(MTOM) of the aircraft. These methods can be applied for the total wing mass, but also for
smaller subsystems such as the flap body, spoilers or fairings. The advantage of these analytical
methods is the high computational speed, as these methods offer a direct correlation between
the input parameters and the mass of the component. Additionally, these methods require only
few input parameters, wherefore they can be used easily. The disadvantage of these methods is
that they are only valid for aircraft which are similar to the aircraft of the underlying database.
If new technologies or new requirements need to be considered such methods lose their validity.

Physics-based methods are derived from physical relations. Methods for wing mass estimation
are mostly based on beam or shell models. These methods can be used for a wider design space
as they are not based on a statistical database. Therefore, also unconventional configurations
can be analyzed. Compared to empirical methods, physics-based methods have higher computa-
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tional cost and require more input parameters, e.g. describing the detailed wing geometry and
the wing loading.

Several current wing mass estimation tools are not based only on either empirical or physics-
based methods, but on a combination of both methods. An often seen approach is to determine
the mass of the wing box with physics-based methods, while the wing secondary structures, such
as flaps and slats, are captured via analytical correlations. With this approach the flexibility of
the physics-based methods is used for the part of the wing that accounts for most of the mass
and which is relatively simple to model while the parts of the wing that are lighter and more
complex to model are handled via empirical methods.

1.1.3 Multidisciplinary Wing Mass Estimation Process

A physics—based Wlng mass estimation Input Mass estimaion process Output
("black box™)
cannot be performed as a mono- N N N
4 N 4 A 4 N

disciplinary analysis, as the interaction — ______ .. ____.
! - Arrcraft config i .
1 - Loadcases ' i
| - Sizing criteria i | ‘

with other disciplines is too strong. The

wing structure needs to withstand all

Load generation |

i

1

1

1

i

static and dynamic loads that act on the l
i

Load application | i
1

1

1

1

1

|

wing. These loads are aerodynamic

loads, loads resulting from the fuel mass,

\

Structural analysis |

i

. Structural sizing |
the response of the wing structure on i ——— .2

the wing mounted engines and the wing
mounted landing gear as well as inertia

loads. In a wing mass estimation process

these loads has to be analyzed and the
structural components have to be di- Fig. 1.4: Characteristics of an autonomous physics-based

. . wing mass estimation process [24].
mensioned accordingly to ensure a safe

aircraft operation. Finally, the wing mass can be derived from the wing geometry, the results
from the wing sizing and the material properties.

A typical wing mass estimation process needs the aircraft geometry, a definition of the load
cases and parameters describing the sizing criteria as input. The output is at least the structural
mass. In addition, the results from the sizing (e.g. skin thickness), wing stiffness properties and
the wing deformation under the applied loads are often obtained.

Hiirlimann [24] defines six characteristics that are necessary for an autonomous physics-based
wing mass estimation process (see Fig. 1.4):

o  Multi-model generation capability: Automatic generation of all models that are used
for the analysis. These models are the structural model as well as the models for the
load generation. To ensure the consistency between the models, all models should be
based on the same geometrical description and this description should be interpreted
by the same model generator.
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o Load generation capability: Computation of all loads that act on the wing. These
loads are aerodynamic loads, loads from the fuel that is stored in the wing, inertia
loads, loads from the engine pylon and loads from the landing gear.

o Load application capability: All loads have to be applied on the wing structure in an
adequate way. This function is crucial, as different ways of load applications can influ-
ence the result of the structural analysis.

o Structural analysis capability: The structural analysis is mostly either performed with
beam or shell models, depending on the level of accuracy of the wing mass estimation
process. Results of the structural analysis are the deformation of the wing as well as
the stress and strain distribution, which is the input for the structural sizing.

o Structural sizing capability: The structural sizing algorithm determines the material
thicknesses with respect to the stresses and/or strains of all load cases according to
one or more sizing criteria. The sizing algorithm should include methods for isotropic
(e.g. metals) and anisotropic (e.g. CFRP) materials.

o Aeroelastic feedback capability: The wing of an aircraft deforms due to the applied
loads. This deformation results in considerable changes to the aerodynamic loads,
wherefore the loads need to be recomputed and the wing dimensioning has to be re-
peated. Therefore, a wing mass estimation process is always an iterative process.

1.2 State-of-the-Art in Wing Mass Estimation

In the following chapter the state-of-the-art in wing mass estimation during preliminary air-
craft design is presented.

Due to the high number of methods and tools for wing mass estimation, it is impossible to
mention all of the available methods within this chapter. Therefore, the focus is placed on the
most important methods to provide an overview of past and current developments.

In most wing mass estimation methods and tools, the mass estimation of primary and second-
ary structures is separated. The main load-carrying structures, such as skins, ribs and spars be-
long to the primary structures, while the other wing components, such as flaps, slats, winglets
and flap tracks belong to secondary structures. Therefore, this chapter is divided in subchapters
for primary and secondary masses, wherefore some methods and tools are mention in more than
one chapter. Additionally, for each major physics-based or non-physics-based method one sub-
chapter is introduced.

1.2.1 Empirical Methods for Primary Structures and Total Wings

FEmpirical methods for the total wing mass have been used as first guess estimations for more
than half a century. Early in the 1950’s, several empirical methods containing one or more pa-
rameters were already available |26, 27].
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During the following decades numerous empirical methods were developed by most aircraft
manufacturers, research institutions and universities. These methods can roughly be split in two
groups: The first group of methods are based on pure statistical analysis that correlate the total
wing weight with parameters such as sweep, wing area, thickness to chord ratio or maximum
takeoff weight. A good example of these methods is the wing mass estimation formula of
Torenbeek [28]:

bwing 078 6.3 - cos(¢gs) 0
o =0.0017 - MZFM | ——— 1 _ .
Mwing 0.00 <COS((p0.5) * bwing

(1.1)

0.3
L bwing ' Swing
utt troot " MZFM - COS((pO.S)

with my;,g being the wing mass, MZFM the maximum zero fuel mass, by,g the wing span,

®o.5 the sweep at the 50% line, ny;, the ultimate load factor and Sy, 4 the wing area.

Similar methods utilizing differing amounts of parameters have been developed, e.g. the
USAF (28], General Dynamics 28], Howe [29], Jenkinson [30] and Raymer [20]. The latest ver-
sion of the equation from Sellner [31] was presented in 2002 and is based on an impressive data-
base that contains characteristics of more than 100 different aircraft, ranging from World War
IT to current aircraft. Sellner’s equation is highly flexible and can be used for a wide range of dif-
ferent wing shapes and aircraft types. However, the flexibility and the large number of aircraft
lead to a relatively low accuracy of a root mean square of 14.3%.

The second group of methods is based on some basic physical relations for the correlation of
the primary wing mass with the wing geometry, material properties and loads. These methods
are, generally, more flexible. A good example of these formulas is the formula developed by
Shevell [32], who computes the wing mass with respect to two factors, the wing area S,y and a
so called wing weight index I,,. The wing weight index includes the wing geometry and can (al-
most) be derived if one considers the wing as an equivalent straight beam:

_ Nyt * byying - VMTOM - MZFM(1 + 2 - TR) _

wing

Y T O eg 05 (Pan) STy (L TR (12)

with MTOM being the maximum take-off mass, TR being the taper ratio, (t/c)eq the equiva-

lent thickness to chord ratio and ¢y, the sweep of the elastic axis.

Other equations that are based on basic physical relations have been developed by Howe [29]
and Torenbeek [21]. The NASA development FLOPS (Flight Optimization System) [33] also uti-
lizes these kinds of equations for the wing mass estimation [34]. Perhaps the longest formula has
been developed by Udin [35|, whose formula can barely fit on one journal page. The complexity
of his formal results in a very high accuracy, with a root mean square error of 5.9% for his 13
reference transport aircraft. However, his formula is only applicable for wings having maximal
one kink. Additionally his formula includes seven manufacturing coefficients, for which the air-
craft designer has to choose a value from a given bandwidth, which requires a high degree of ex-
pert knowledge.
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In Germany, the “Luftfahrtechnisches Handbuch” (LTH) should be mentioned, which is pro-
duced by a consortium of several industrial partners and research institutions. The L'TH pub-
lishes mass estimation methods for all aircraft components over the last decades. The latest
wing mass estimation formula was published in 2013 and is based on more than 50 aircraft, in-
cluding most state-of-the-art large civil jet transport aircraft [36]. This relatively simple formula
provides a standard deviation of 6.2%.

Comparisons of the different methods show, that none of the methods are accurately applica-
ble for a wide range of aircraft configurations. All methods strongly depend on their underlying
database. As the structural weights of most aircraft are not published, these databases often in-
clude only a relatively low number of aircraft. Therefore, one needs to consider the origin of the
methods and the underlying database before one should make use of these methods.

Most of the empirical methods are based only on few parameters and simplified geometries.
This makes the methods simple to use, but limits the range of different geometries that can be
computed. If these methods are to be used for an optimization of the wing, the optimization is
limited to these parameters. Additionally, the sensitivity behavior of these methods is often
worse, when compared to physics-based methods.

1.2.2 Primary Wing Structures using Beam Theory

In principle, methods that are based on the beam theory attempt to determine the locally re-
quired amount of wing box material within the wing’s cross sections and subsequently to inte-
grate these cross sections over the wing span. The usage of this method for wing mass estima-
tion started in the early 1950’s as Ripley [37] introduced his new method. This method was
developed for wings of spar-type construction, in which the bending strength is provided by the
spars, while the torsional stiffness is provided by the wing box. Ripley’s method already includ-
ed several additional masses for undercarriage attachment, engine attachment, different kind of
fuel tanks, joints, etc.

This method was further developed by Burt [38] in 1955 for the application of wings of box
construction, in which both bending strength and torsional stiffness are provided by a single
structural box, as is the case in all of today’s commercial airliners. His method is applicable for
wings of skin-stringer-rib, multi-spar, honeycomb sandwich and corrugated core sandwich con-
struction. In addition to the mass estimation due to bending loads, his method already includes
the mass estimation due to torsional loads, such as subsonic and transonic flutter, aileron rever-
sal and wing divergence at all speeds.

In parallel, Shanley [39] developed methods for mass estimation and structural design for a
wide range of aircraft structures. His approach was primary based on optimal design principles
and buckling /stability analysis.

The method of Ripley and Burt was further developed by Schneider [40], who expanded the
loads assumptions that were used for the computation. In his calculation procedure, he used a
wide range of different types of load cases, such as gust, maneuvers, landing, taxiing, flap and
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aileron load cases. Additional standardized loading spectra are introduced, to take the effects of
fatigue for the required service life of the aircraft into account.

In the 1990’s Torenbeek [41] and Macci [42] developed two approaches for wing mass estima-
tion that are based on simplified beam theory. In addition several practical consideration and
empirical corrections led to methods which are relatively simple to handle, but still deliver good
results.

Fig. 1.5: PrADO aircraft model [44].

Due to the development in computing power during the last decades, a large number of wing
mass estimation tools that are based on beam theory have been developed. PrADO (Preliminary
Aircraft Design and Optimisation Program) (see Fig. 1.5) is an overall aircraft design tool that
was developed by Heinze [43| at the TU Braunschweig in the early 1990’s. Since then, PrADO
has been continuously developed and refined. The wing mass estimation process can base on a
beam model, if specified by the user. The sizing of the beam model is based on fully stressed de-
sign principles and handbook methods for buckling. The beam-based wing mass estimation in
PrADO is still used in the actual research activities, such as [44] where a more climate friendly
air transportation system is investigated.

One of the most advanced beam-based wing mass estimation tools is the Airbus in-house de-
velopment FAME-W (Fast and Advanced Mass Estimation of Wings) [45, 46, 47]. FAME-W
fulfills all of the characteristics of an autonomous physics-based wing mass estimation process
including the capability for aeroelastic analysis (see Fig. 1.6). In contrast to other tools, FAME-
W considers several physical effects (such as buckling and warping) as well as non-optimum
masses (e.g. mass due to cut-outs, joints etc.). FAME-W is continuously refined with new fea-
tures being added, such as the capability for CFRP sizing [48]. FAME-W is regularly re-
validated against weight book data of existing aircraft configurations in order to assess and im-
prove the accuracy of the results [49].

In 1996, Ardema et al. [50] published a method for wing mass estimation, which is imple-
mented in the AirCraft SYNThesis (ACSYNT) computer program. This method is based on a
simplified geometry model, an assumed load distribution and a simplified beam model. In their
report, the method is described in detail step by step, which makes reprograming of the method
easy. Therefore, refined and extended versions of this method are widely used. A good example
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is the CEASIOM framework which was developed within the EU project SimSAC [51]. Within
this framework the NeoCASS [52, 53] module performs the aero-structural sizing. Before the siz-
ing with a dynamic aeroelastic non-linear finite element (FE) beam model is performed, a modi-
fied Ardema method is used to generate the starting solution. The finite element formulation of
beam models has several advantages, for example that the model can also be used for statically
over-determined wings (e.g. box wings) and dynamic aeroelastic computations are much easier
to implement. The disadvantage of the CEASIOM framework is that the wing geometry is lim-
ited to two straight segments, which reduces the design space for aircraft optimization.

Planform \\

Weight

Deformations

Aerodynamics

L

Loads
Fig. 1.6: Iterative multi-disciplinary calculation process for mass prediction in FAME-W [47].

Bindolino [54]| developed a multilevel structural optimization tool for the preliminary weight
estimation of wing boxes based on beam theory. This tool uses a finite element formulation of
the beam, which enables the tool to be applicable for statically indeterminate configurations,
such as box wings. It includes a static aeroelastic loop for the load estimation and sizes the wing
with respect to stresses, aileron effectiveness, stiffener and panel instabilities and flutter con-
straints. It is planned to include a finite element shell model at the high-level end of the multi-
level structural optimization environment.

Beam-based methods and tools can deliver very accurate results for higher aspect ratio wings,
if they are adjusted on real aircraft as is shown in [49, 50 and 55]. In addition, the sensitivity
behavior of the primary wing mass is quite good for several global wing parameters [56]. Howev-
er beam models produce worse results when local effects need to be taken into account, such as
kinks of the structural box [56]. This needs to be considered at all swept wings as they have a
kink of the wing box at the wing root. Additionally, local load introductions are not well cap-
tured by beam models, due to the cross-section based approach.



1 INTRODUCTION 11

1.2.3 Primary Wing Structures using Shell Theory

Methods that are based on finite element shell elements are developed to solve several of the
issues existing in beam-based methods. As for beam-based methods, a large number of shell-
based tools have been developed by different institutions. The most important methods and
tools are highlighted in the following paragraphs. These tools range from very simple approach-
es, where results can be produced within minutes, to highly complex methods.

In the latest version of the NASA conceptual
design tool Vehicle Sketch Pad (VSP), shell
based wing mass estimation is included [57]. In
VSP the user can create the wing interactively
with a graphical user interface. The structural
model includes skin, ribs and spars. Compared
to other tools, the chosen approach is very sim-
ple, e.g. the whole wing consists of only one
straight segment, only one material can be de-
fined (incl. leading and trailing edges), only one
load case can be analyzed, no aeroelastic cou-
pling is included and the final material thick-

nesses are directly derived from the initial solu-
tion (no iterations). However, the advantage is

Fig. 1.7: PrADO finite el t shell model [59].
that results can be produced within minutes. 8 : inite element shell model [59]

Osterheld [58] developed a FEM (Finite Element Method) module for mass estimation of pri-
mary structural components for the preliminary aircraft design tool PrADO (see Fig. 1.7). In
addition to the wing, the model includes the fuselage, the horizontal tail and the vertical tail.
The mass estimation process is integrated in the PrADO framework and includes a static aeroe-
lastic loop. The structural sizing is based on fully stressed design (FSD) principals. To derive
the total mass of the primary structure, analytical methods are implemented, which correct the
mass of the pure FEM computation, which leads to an accurate method for wing mass estima-
tion. The FEM module was further develped by Rieke [60, 61|, who extended the module for
fiber reinfoced plastic (FRP) structures and buckling criteria.

Nagel et al. [62] developed a method which focusses on the multidisciplinary analysis of air-
craft wings. In Nagel’s method, the structural model is directly derived from the CFD mesh
from a previous aerodynamic analysis. In the input file for his model generator PARA MAM
(PARAmetric simple and fast Mesh based Aircraft Modeling tool) only the positions of the ribs
and spars as well as the material properties need to be specified. In PARA MAM the wing’s in-
ternal structure is defined in one step for the whole wing rather than separately for each wing
segment, as is the case in several other model generators. With PARA MAM complex internal
structures can be realized. However, the tool input is quite complex. This is due to the fact, that
the input must be written as MATLAB source code and all real and virtual ribs and spars are
required to be explicitly defined by the user in large matrices. Together with the sizing routine
S_BOT (Sizing Robot) and CFD calculations, a static aeroelastic loop can be implemented. The
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sizing in S BOT is based on fully stressed
design (FSD) principles for metal and

composite materials.

More than 10 years ago, the Delft Uni-
versity of Technology started to develop a
distributed computational design system
concept, called the Design and Engineering
Engine (DEE) [63, 64 and 65|. The DEE
consists of a wide collection of design and
analysis tools. The core of the DEE is the
Multi-Model ~ Generator (MMG), which
creates the input files for all of the DEE’s
analysis tools. The MMG is based on
knowledge-based engineering principles.

Fig. 1.8: Finite element shell model, created by the
MMG [63].

The MMG can generate a wide range of different wing configurations, such as wings, tails and
blended wing bodies (see Fig. 1.8). This is realized by using the concept of wing trunks. A wing
trunk represents one very simple segment of the wing, with one root and one tip airfoil. The
wing structure is defined within one wing trunk and only simple structural layouts can be de-
fined within a single wing trunk. By combining any number of wing trunks, complex wings and
structures can be realized. Due to the knowledge-based approach, the MMG automatically gen-
erates finite element models of wings having structured finite element (FE) meshes. Within the
DEE, the finite element model is coupled with aerodynamic loads models. The sizing is based on
the stress distribution of one single load case. Additionally, flutter constraints can be applied.

At Airbus, large research effort was undertaken to develop an FEM-based mass estimation
tool |24, 66 - 72]. The work began under the project name FEMMAS (Finite Element Method
for Mass Estimation) in cooperation with several research institutions and the development is
still ongoing. Within this work, a multidisciplinary tool chain for mass estimation of primary
structural components is developed. The core of the chain is a parametric-associative CAD sur-
face model, where the geometry is defined (see Fig. 1.9). This model is partly generated auto-
matically, by using knowledge-based features that are implemented in Catia V5. The sizing of
the model is done with respect to several different criteria, such as FSD, buckling and manufac-
turing constraints. The last point is particularly important for CFRP wings, where the addi-
tional mass due to manufacturing constrains plays an increasing role. The aerodynamic load es-
timation is based on potential flow theory while the fuel load is estimated via a detailed
representation in Catia. For better estimation of the loads, a static aeroelastic loop is imple-
mented.

A highly advanced structural analysis and sizing tool is the program LAGRANGE,
developped by Cassidian [73]. LAGRAGNE is a tool for multidisciplinary structural design
optimization and was developped since 1984. LAGRANGE can be used for different fidelity
models, ranging from the total aircraft, to assamblies or parts. If the total aircraft or the wing
structure is analyzed, only the wing primary structure is included in the structural model.
LAGRANGE includes static and dynamic aeroelasticity, flutter analysis, various sizing criteria
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for metal and composite materials,

including manufacturing constraints,

blucking analysis, displacement constraints Surtaemocel

and several strength failure critera.

LAGRANGE has been used in several

aircraft projcts, including the Eurofighter

Typhoon, the Airbus A350 and the

Talarion. 1
Beside the methods and tools described ' ML NodEL

above, several commercial software tools \

Vertical Tail

exist, that can be used for wing mass esti-

mation. An example is the MDCAD (Mul- m/f’ FUssagyeniar Becton
ti-Disciplinary Concept Assessment and

Design) framework developed by QinetiQ.

This framework is similar to the Airbus
FEMMAS approach, but simpler in several
aspects |71, 74]. The HyperSizer from the
Collier Research Corporation [75] and Op- ELLE S
tiStruct from Altair Engineering [76] are
examples for highly developed structural
sizing and optimization tools that can be Fig. 1.9: Virtual engineering model, developed within
used for all kinds of structures. Both tools the FEMMAS project [67].

can be applied for wing structural design

and wing mass estimation purposes. However, these tools are usually not used during conceptual

or preliminary design, but in later development phases.

In summary, shell based mass estimation methods can be seen as state-of-the-art in prelimi-
nary wing design. However, the different methods differ strongly in their approach. All of the
discussed scientific approaches are based on basic FSD principles and only PrADO considers
buckling criteria. The FEMMAS project from Airbus includes a higher level sizing. However the
FEMMAS project is based on CAD-Software, which has some disadvantages that are discussed
in chapter 2.2.2.

1.2.4 Secondary Wing Structures using Empirical Methods

The majority of empirical methods for secondary structural components are based on area
weights. This area weight is either constant or depends on parameters representing the loads.
Such parameters might be the design diving speed, the maximum take-off weight or the flap
loads.
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One of the first methods for empirical mass

estimation of secondary structures was pub-
lished by Ripley [37] in 1951. Using his
graphics based method (see Fig. 1.10), it is
possible to estimate the flap and aileron mass

&00

00 [

-8

with respect to the surface area and the de-

sign diving speed. A similar approach was
chosen by Burt [38] in 1955 for the total lead-
ing and trailing edge masses. Sanders |[77]
used the same approach in 1969, but with
separate formulae for different types of lead-
ing and trailing edge flaps based on a wide
range of aircraft — ranging from the Messer-
schmitt 109 to the Boeing 707.

TOTAL FLAP STRUCTURE WEIGHT FPER AIRCRAFT

Shanley [39] used constant area weights for
the leading edge, flaps and ailerons. The same
approach was used by Rudolph [78|. He pub-
lished area masses of 6 different flap types, in
1996, which are split in 4 components: flap
body, supports, actuation and fairings.

20 30 40 60 a0 100 150 200 300

TOTAL' FLAP AREA PER AIRCRAFT = Fré

Torenbeek [21, 41| developed equations for

Fig. 1.10: F.la,p mass estimation according to Rip- many different kinds of fixed and movable

ley in 1951 [37]. leading and trailing edge devices, including

the support structure. His method is also mainly based on area weights that depend on the max-

imum take-off mass (MTOM). A similar approach was chosen by Schneider [40]. The method of

Torenbeek was developed further by Jenkinson [30], who developed a flap mass estimation for-
mula that depends on more detailed parameters and covers different types of flaps:

. 0.75
01875 |0.002 - v(%ppr ' sm(8)

Mpap = 2.706 * Kerap * Spiap ° (bflap ) Sflap) ) (t/c)flap (1.3)

with mge, being the flap mass, kfqp the flap type factor (kfjqp = 1...1.3), Spiqp the flap area,
bfiap the flap span, vgp,, the approach speed, § the flap deflection angle in landing configura-
tion and (t/c)fiqp the flap thickness to chord ratio.

A formula of similar complexity was developed by Patterson [79] and led to good results for a
wide range of civil and military transport aircraft. The method of Macci [42] computes the sec-
ondary wing masses with one formula that can be applied for different types of high-lift devices.
The formula is based on the area of the devices, design diving speed, MTOM and the type of

device.
The NASA tool FLOPS [33] uses an MTOM based area weight for all secondary structures

including the wing ribs and spars [34]. Here, the underlying assumption is that the mass of shear
material (ribs and spars) directly depends on the control surfaces [34]. FLOPS was used for ex-
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ample by Gur et. al. [80] to compute the wing secondary masses of strut braced wings. The
overall aircraft design tool PrADO [43] of TU Braunschweig employs one user-defined area
weight for the leading edge and one for the trailing edge.

In contrast to the area-based methods, Howe [29] developed a method, in which all secondary
structures are expressed as a share of the MTOM. If the detailed wing layout is unknown in ear-
ly design stages this method can be very useful for the designer.

Another simpler approach is to derive the total wing mass from the primary structural mass-
es. For example Kessler et al. [81] multiplies the wing box weight by 1.5 to estimate the total
wing weight, while Perez et al. [82, 83] multiplies the weight of the load-carrying structure by
1.85. A similar approach was chosen by Ardema et al. [50], who multiplied the primary struc-
ture mass with 1.7372. As an alternative, Ardema made use of an exponential function instead
of the constant factor, as also done by Elham [55].

The methods which are implemented in the Airbus in-house development FAME-ACSS, are
primary based on area weights, but also take into account the flap loads [84]. The underlying
database consists of most of the Airbus aircraft. In total 22 different formulas have been devel-
oped for the different components that belong to the wing secondary structures (flaps bodies,
flap tracks, slats, spoilers etc.). FAME-ACSS was also used by Hiirlimann [71]| in combination
with higher fidelity analysis of the wing primary structure.

The German mass analysis working group of the “Luftfahrttechnisches Handbuch” (LTH) re-
cently developed a formula for all secondary wing masses of civil transport aircraft [85]. The
secondary structures are split in 18 different categories, allowing a detailed analysis of the wing
secondary structures. The methods in the LTH are primary based on the area of the component,
but also other parameters, which are available during preliminary design. The final validation of
the LTH formulas shows a high degree of accuracy for state-of-the-art aircraft.

1.2.5 Secondary Wing Structures using Physics-Based Models

In 1969, Sanders [77] developed a method for flap mass estimation based on beam theory.
Sanders simplified the flap to a straight non-tapered beam, which is a valid assumption for most
flap configurations. The beam is loaded by a uniformly distributed load over the flap. Using this
load and the material limits, the required amount of bending material is computed. All other
loads (e.g. torsion) are neglected, but a statistical factor, covering the ratio of the bending mass
to the total mass, is introduced to compute the total weight.

Van der Laan [86, 87| extended the Multi Model Generator (MMG) of the TU Delft, in a way
that finite element models of trailing edge devices can be created (see Fig. 1.11). The model in-
cludes the body of the device and the hinge, where the model is clamped. However, more com-
plex track types cannot be created. Van der Laan’s application case is a small general aviation
aircraft. Therefore, the aerodynamic pressure load is a generic pressure distribution computed
according to JAR 23 requirements and is not based on a aerodynamic analysis. The developed
process includes the model generation, loads computation and the structural analysis in the fi-
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nite element solver
NASTRAN. The outputs
of the process are the re-
sults from the FE compu-
tation (e.g. stress, strain
or displacement). A struc-
tural sizing is not per-
formed.

Bayandor et al. [88] de-
veloped an ANSYS based
process to optimize the
mass of a composite Krue-
ger flap. To accomplish
this, two representative
load cases are defined
which are used to perform
the sizing. First, a topolo-
gy optimization on the
ribs and spars is per-
formed, which is followed

by an optimization of the

total composite thickness
Fig. 1.11: Process for structural analysis of trailing edge devices, devel-

oped by van der Laan [87]. as well as the layup se-

quence. A significant
weight saving could be achieved, compared to the original flap. However, for this study, the
outer shape of the flap was given and fixed. Therefore, this process is not intended to be used
for aircraft preliminary design aspects.

Anhalt [89] conducted a study on a transport aircraft flap. The background of his study was
an attempt to reduce the number of tracks on the A340 outer flap from three to two. As such,
he analyzed the two remaining track positions and the structural layout of the flap with both, a
beam and a finite element shell model. He used four load cases and performed the structural siz-
ing with respect to deformation and strength requirements. With his approach, it was possible
to compute the material properties of a composite flap meeting all requirements of the design.
However, no aircraft design aspects were considered, as the geometry of the flap was given and
only the internal structure redesigned.

All methods described above can only be used for the specific design of a flap or slat body
without considering the interactions with the wing. Additionally, all of the discussed methods
focus on the flap and slat body, while none of the described methods considers the attachment
of the device to the wing (e.g. flap tracks).
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1.2.6 Physics-Based Models for Primary and Secondary Structures

For the development of the Dornier 728 family a new multidisciplinary optimization (MDO)
process was develop at Dornier [90]. The core of the process was a finite element NASTRAN
model of the wing, including wing box, engine pylons, engine (modeled as point mass) and ailer-
ons (see Fig. 1.12). The aerodynamics were covered via a double-lattice method and the struc-
tural sizing was performed with respect to stress, buckling, aileron reversal and flutter con-
straints. The aim of the process was to size the wing box and not the aileron or the pylon.
However, the aileron was needed for the aileron reversal load cases, in order to fully capture the
effect of the aileron on the wing box. Similarly, the engine and the engine pylon are needed for

the flutter computation.

Nagel et al. [91] performed a
study on aeroelastic design of
winglets. In order to decrease
loads and to increase the aer-
odynamic efficiency of the
wing, the addition of a tab

bylon (similar to an aileron) to the

winglet was considered. To ac-
Rear Spar

R complish this, the model gen-
Center O erator PARA_MAM (See

Wing chapter 1.2.3) was extended to

Engine Inner Wing

Front Spar O“[L_I_‘n — be able to generate a tab,
which was connected via hing-
es to the winglet. The sizing of
Fig. 1.12: Finite element model including pylons and ailerons [90]. the wing, the winglet and the

tab was performed by S BOT
for aluminum as well as CFRP. In this study, the wing box and the tab were sized and their
masses estimated. Additionally, the interaction of both components was considered. However,
the definition of the tab in the PARA MAM input was complex and therefore unfriendly for

the user. More complex track kinematics could not be generated.

Finite element models of the whole aircraft, including the wing with its leading and trailing
edge devices are used in several studies on fluid-structure coupled analysis, for example in [92,
93| (see Fig. 1.13). However, for these studies, the focus is the differences in the high-fidelity
CFD results with coupled and uncoupled CFD computations. The finite element model is only
used to compute the wing deformation and not for structural design or wing mass estimation
purposes. Additionally, these studies are not related to the early design stages, where the wing
geometry and internal structural layout is defined.



18 1 INTRODUCTION

Fig. 1.13: Finite element of A340 in landing configuration [92].

1.3 Contributions of the Study

The performed literature review of wing mass estimation methods shows that there is a wide
range of different methods and approaches available. Pure empirical methods can deliver accu-
rate results for conventional configurations. However, the quality of the formulae strongly de-
pend on the underlying database and the sensitivity behavior is limited to a few input parame-
ters.

As described in [49, 50, 55 and 58|, beam- or shell-based methods can lead to very good re-
sults for primary wing structures. Therefore the methods need to be well validated and good
empirical correlations for non-optimum masses need to be derived to compute the total primary
structural mass from the physics-based mass. The sensitivity behavior for global wing parame-
ters is good for both, beam and shell-based methods. Shell-based methods have the additional
advantage that local effects can be reflected, whereas beam-based methods cannot. The most
important local effects in wing mass estimation are kinks of the wing box, engine attachments or
landing gear attachments.

Secondary wing structures can only be covered effectively using empirical methods, as all of
the previously discussed physics-based methods are unable to be used for mass estimation in
early design stages. Only the method of Sanders [77] may be used for physics-based mass esti-
mation of flaps. But this method is limited to the body of the flap and the interactions between
the wing and the flaps are not covered. The empirical methods for secondary structures have the
same disadvantages as the empirical methods for total wing masses. They can only be used for
conventional configurations within a small design space and the sensitivity behavior is highly
limited, as most of the methods are based on very few parameters.
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For novel aircraft configurations and technologies, meeting the demands of future air trans-
portation, reliable methods for calculating the total wing mass are required. Therefore, the re-
search question of this study is:

How can the wing mass estimation process for novel configurations or structural concepts be
advanced, in order to make, already in early design stages, reliable predictions for the total wing
mass, including the major secondary structures?

The aim of this study is the development of a method for wing mass estimation that covers
the wing primary structures as well as the most important parts of the secondary structures.
The method should be able to deliver accurate results for conventional and unconventional con-
figurations as well as varying structural concepts. On the unconventional side the method
should be able to analyze all of the concepts, which current research is focusing on.

It should be possible to use the method in a wing optimization process. Therefore, the method
should deliver both, accurate results as well as good sensitivities for a wide range of different pa-
rameters. Additionally, the interactions between the different components should be represented
by the developed method.



20

1 INTRODUCTION



Chapter 2
FUNDAMENTALS AND APPROACH

The physical theories and mathematical principles, which this study is based on, are intro-
duced in the Fundamentals subchapter. In the Approach subchapter, a description of the ap-
proach that was chosen to create the user-friendly, extended physics-based wing mass estimation
tool chain is explained.

2.1 Fundamentals

Within this chapter the most important physical theories that are used in this study are de-
rived and described. These fundamental theories are: the vortex-lattice method that is used for
aerodynamic load estimation; the beam and shell theory as well as the finite element method
(FEM), upon which the structural analysis is based. These structural fundamentals are de-
scribed in the following order: first the beam theory is derived and the underlying assumptions
explained, next the finite element method is introduced on the example of a bending beam and
finally the fundamentals of the used shell element are described.

2.1.1 Vortex-Lattice Method

The load estimation of the aerodynamic forces in this study is performed by using the tool
AVL (Athena Vortex Lattice) [94], which is based on the vortex-lattice theory. The vortex-
lattice method is a method that is well suited for the estimation of the lift distribution and the
induced drag of lifting surfaces. However, other drag components cannot be estimated with the
vortex-lattice method. The following explanations are based on references [95 - 99].
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Vortex Filament

The influence of a small segment dl of a three-dimensional general vortex filament (straight

or curved) on the velocity increment dV at point P in the flow field can be described by the Bi-
ot-Savart law:

., Tdix?
_——_—— 2.1
V= (2.1)

with ' being the vortex strength and 7 being the vector from dl to the point P (see Fig. 2.1).
The derivation of the Biot-Savart is beyond the scope of this description, but can be found in
advanced aerodynamic text books, such as [100].

Fig. 2.1: Vortex filament and illustration of the Biot-Savart low (based on [96]).

According to the Helmholtz’s vortex theorems such vortex filaments:

e have a constant strength over their length.
e cannot end in a fluid. It must extend to the boundaries of the fluid (which can be
t00) or form a closed path.

Prandtl’s Classical Lifting-Line Theory

The first practical theory for the prediction of aerodynamic properties of a wing was devel-
oped by Ludwig Prandtl and his colleagues in Gottingen during the period of 1911 to 1918.

In Prandtl’s method (see Fig. 2.2), a bounded vortex filament of the strength I' is placed from
tip to tip of the wing. According to the Kutta-Joukowski theorem, this bound vortex will lead
to a lift force of L = p,V,I. In contrast to a free vortex, which moves with the fluid elements
through the flow, this bounded vortex has a fixed location. According to Helmholz’s vortex the-
orems, this vortex cannot end at the wing tip. Therefore, the vortex filament is continued as a

N
v J/

Ve
>

Fig. 2.2: Replacement of the wing with a horseshoe vortex (based on [96]).
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free vortex at the wing tips downstream to infinity. These two free vortex filaments lead to an
induced downwards oriented velocity along the wing. Due to their shape, these vortex filaments
(the bounded plus the two free vortices) are called horseshoe vortex.

As the downwash as well as the lift distribution due to one single horseshoe vortex does not
realistically simulate a real wing, this approach can be refined by distributing several horseshoe
vortices along a line between the two wing tips. This line is called /lifting-line, which gives this
approach its name.

Lifting-Surface Theory and Vortex-Lattice Method

Prandtl’s classical lifting-line theory delivers reasonable results for straight wings with moder-
ate to high aspect ratios. But for low aspect ratios, swept and delta wings the classical lifting-
line theory is inapplicable.

Therefore, the vortex filaments along a single lifting line are replaced by several parallel lift-
ing lines spread over the chord of the wing. This leads to a system of horseshoe vortices laying
on the wing planform. This means that each horseshoe vortex represents the lift of one small
part of the wing surface — the so called /ifting surface. Such a system of horseshoe vortices is
shown in Fig. 2.3. Please note that the free vortices between two neighboring lifting surfaces lay
exactly on each other. They are shown separately for better understanding in Fig. 2.3.
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/ /f i/
j eif e/ o]
4 rf
i’ 'y rﬁi
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/ // ; Iy,
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/ ’ .f i ‘
Lo/ oi] /] e horseshoe vortex
iy I, iy
1

control points P

Fig. 2.3: Vortex-lattice system on a finite wing (based on [96]).

The induced velocity at any arbitrary point P on the wing planform can be computed by us-
ing the Biot-Savart law, which is mentioned above. By summing up all of the induced velocities
from all bounded and free vortices, the total induced velocity can be computed. As there is no
flow through the wing planform, the sum of the induced velocity and the normal component of
the free stream velocity at an arbitrary point P on the wing planform must be zero. This is
called the flow-tangency condition. The central problem of the lifting-surface theory is to set the
individual vortex strengths I' such that flow-tangency conditions on each point P are fulfilled.

To handle this numerically, one vortex and one control point P is placed on each lifting sur-
face. The bounded vortex is placed at 25% of the surface chord, while P is placed at 75% of the
surface chord (see Fig. 2.3). One equation for the flow-tangency condition is applied on each
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control point P, which results in a system of simultaneous algebraic equations that can be
solved numerically. This numerical approach is the vortex-lattice method.

2.1.2 Beam Theory

The beam theory is a simplified method for the structural computation of beam-like struc-
tures. It has to be noted, that there is not one single beam theory, rather several different theo-
ries based on different assumptions and simplifications. Dependent on the physics of the prob-
lem (e.g. the shape of the beam cross section) it must be decided which theory is applicable. In
the following subchapter, the equations that are used in this study, including their basic as-
sumptions, are derived. The equations and derivations are based on reference [101].

The basic assumption of all beam theories is, that the structural member has one dimension
that is much larger (> factor 5-10) than its other two dimensions. This kind of shape allows re-
ducing the point of view to a cross section based view. Therefore, the structural computation of
a beam is done cross section by cross section, depending on the section properties and the loads
acting at this section. This implies that the behavior of the beam at one cross section is inde-
pendent from the neighboring one.

In the following, the equations for axial, bending and torsion loads are explained separately.
The total deformation of the beam can be derived by adding these deformations.

Tension and Compression

The relation between the stress along the bar g, and the strain €, for a bar, loaded under

tension or compression is:
g, =E-¢g (22)

with E being the Young’s Modulus which represents the material stiffness. Equation 2.2 can
be transformed to the correlation between the applied force F,, the stiffness of the beam EA (A

equals the cross section area) and the displacement field u,:

0y=7y=E-£y & F, =EAe, = EA

buy oy

_ 1y 2.3
sy < &y EA (23)

Bending
The equations for computing bending beams as described below are based on the following as-
sumptions:

e The beam coordinate system is the principal coordinate system of the beam.
e The strain distribution in z-direction varies linearly with z and is zero at the neutral

axis.
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e A cross section that is perpendicular on the neutral axis before bending, remains per-
pendicular during bending.
e The cross section remains undeformed during bending.

e Maximal strain is small, thus linear elastic material behavior can be applied.

The last three assumptions are the so called Bernoulli assumptions. With the Bernoulli as-
sumptions, the shear fixed beam assumption is included implicitly.

uy(2)

T Z  Su,
I g/ oy

Fig. 2.4: Beam under bending load. Fig. 2.5: Bending line of a beam (based on [101]).

The moment M, around x at one specific cross section can be computed by the integral of the
stress 0, multiplied with the lever arm z over the cross section area A (Fig. 2.4):

M, = f oyzdA (24)
A
With the assumption of a linear stress distribution, o, can be replaced by g, = cz with ¢ be-

ing a constant value, which results in:

M
Mx=jczsz=cfzsz=ch S c=I—x (2.5)

X
A A

with I, being the second moment of inertia. Equation 2.5 can be inserted in the original ex-
pression for the stress o, which leads to the stress equation for bending beams:
M,
oy =cz=1"2 (26)
X
From the geometry of the bending beam in Fig. 2.5, it can be seen that at any point of the
beam cross section, the first derivation of the bending displacement u, equals the negative dis-
placement in y-direction u,, divided by the z-coordinate of the point:

Bz Ty g =g
- y =2

Sy z
If one considers that €, = du, /8y, the expression for the strain of a bending beam results in:

(2.7)

5 Su, 5%u,
_9( __, 0 2.8
€y 6y( z 5y) 2 sy2 (28)



26 2 FUNDAMENTALS AND APPROACH

Equations 2.6 and 2.8 can be combined by using the definition of the Young’s modulus E in
equation 2.2, which leads to the differential equation of the bending beam:

§%u, M,

= __* 2.9
8y? ILLE ( )

Torsion

The torsion of a beam according to the theory of Saint-Vénant is valid, when no stresses in
beam direction appears during pure torsion around the shear center and when the cross section
of the beam remains undeformed in the x-z-plane. As no stresses along the beam axis appears,
the cross section can deform along the beam axis, which means that the cross section is non-
planar after torsion. The shear stress distribution is assumed to be linear within the cross sec-
tion, with the stress being zero at the shear center. This theory is valid for beams having free
ends, but is not valid close to the clamping of the beam.

The rotation 9 at any position L of the beam can be computed by integrating the twist
69/8y along the beam axis, starting at the clamping at x=0:

L

ﬁ:of(g—';)dy (2.10)

For the special case of a beam with constant cylindrical cross section and constant torsion
moment, the twist §9/8y is constant and can be written as:
89 M, 511
sy LG (211)
with M,, being the torsion moment, I,, the polar moment of inertia and G the shear modulus.
By comparing equation 2.11 with the corresponding equations for bending 2.9 and ten-
sion/compression 2.3 the identical shape of the equations can be seen.

2.1.3 Finite Element Method

In this chapter, the basics of the finite element method (FEM) are explained and the ap-
proach is derived on the example of a bending Euler-Bernoulli beam. The chapter is based on
references [102 - 104].

z
d E | ds
B &)
d, d,
L

Fig. 2.6: Euler-Bernoulli beam with two nodes and four degrees of freedom (based on [102]).
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The finite element method is a method for the numerical solution of field problems. In a field
problem, the spatial distribution of one or more dependent variables is determined. Although
FEM is very popular for structural analysis, it can also be used for different problems, such as
computing temperature distributions or fluid dynamics. In the following, the focus is laid purely
on the structural use of FEM, as it is only used for structural analysis in this study.

The basic idea of FEM is to split the analysis in several small regions, the so called finite el-
ements. On each finite element, the field variable, such as e.g. the displacement, is approximat-
ed by simple interpolation functions, the so called shape functions. In FEM, each element has
several specific points that are called nodes. Nodes are used to connect the different elements
and to apply loads on the elements. Additionally, the field variable is computed at these discrete
points. Each node has several degrees of freedom (DOFSs), such as translational or rotatory de-
grees of freedom. For the solution, a linear system of equation is assembled, having one line for
each DOF. This system is solved for the DOFs, while the other properties, such as stress or
strain, are computed from the displacement field in the post-processing.

For a static analysis this linear equation has the form:
Kd=F (2.12)

with d being the vector of all DOFs, F the vector of all forces acting on the nodes in the di-
rection of the DOFs and K the stiffness matrix that includes the relation between the DOFs and
the forces. For a translational DOF, the entity in Fisa force, while for a rotational DOF, the

entity in F represents a moment.

The derivation of the stiffness matrix K is presented in the following on the example of a
bending Euler-Bernoulli beam. The beam (see Fig. 2.6) has one node at each of its ends and four
degrees of freedom (DOFs) d; —d4. The continuous displacement of the beam is described by
the four shape functions N; — N, in beam coordinates.

Each of the shape functions equals 1 at one of the DOFs, while being 0 for all other DOFs.
The shape functions are used to compute the continuous beam displacement from the discrete
displacement of the nodes. Depending on the physics of the problem, the shape functions can be
simple (e.g. linear) or more complex. The continuous displacement of the whole beam can be de-
scribed by the discreet DOFs multiplied with the shape functions according to:

u,(y) = Nydy + Npdy + Nads + N,yd, = NTd (2.13)
To derive the stiffness matrix of this beam, the Lagrange energy formulation for a static me-

chanical system is the starting point:

ou_
§x  *

with 6U/6x being the derivation of the potential energy U in the direction of the generalized

(2.14)

coordinates x that equals the generalized forces F,. For the generalized coordinates x the four
DOFs d are used in the following calculations. The potential energy in the beam example is the
strain energy U, which is the energy that is stored in a body due to its deformation. The strain
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energy per unit volume is called strain energy density and equals the area underneath the stress-
strain curve. For the linear elastic range, where the correlation between stress ¢ and strain ¢
can be described using the Young’s modulus E, the strain energy can be written as:

ffadst ffEsdst f—dV (2.15)

In the case of a bending beam, the strain can be computed from the second derivation of the
bending line (equation 2.8). If equation 2.8 is inserted in equation 2.15 and the volume integral
is split in one integral over the beam cross-sectional area A and one integral over the beam
length, equation 2.15 results in:

L P L L P
E( d’u, E (d?u, 5 1 d?u,
_ £ z 2.16
j[f2<zdy2>dAd [ [l o5 o o
0 A 0

In equation 2.13, the correlation between the discrete DOF's and the bending line of the beam

is expressed which can be inserted in equation 2.16, giving:
L L L
1 —->”T 5.2 1 —)T =, —->”T - 1 —)T =, —->”T -
U=3 EL,(N"Td) dy = 5 EL.(d"N")(N"Td)dy = a7 || ELN"N"Tdy|d (2.17)
0 0 0

with N representing the second derivation of N. This expression for the strain energy of a
bending beam is inserted in the Lagrange’s equation (equation 2.14), which results in:

L
f ELLN"N"Tdyd = F, (2.18)
0

By comparing equation 2.12 and 2.18, it can be seen that the integral represents the searched

stiffness matrix K:

Al

L
= fEIxIV”IV”Tdy (2.19)
0

Equation 2.19 represents the specific stiffness matrix for a bending Euler-Bernoulli beam.
This expression can be transformed in the general expression of the FE stiffness matrix, if the
second derivation of the shape functions N"is replaced by the matrix L, multiplied with the
shape functions N:

N =IN (2.20)

This means that the two derivation operators d/dy are written in the L matrix. In general,
the matrix L contains the mathematical operator that is needed to compute the strain respec-
tively the curvature from the displacement field. This correlation is the so called kinematic
equation (KE). In the example of the bending beam, the kinematic equation is the second deri-
vation. For a beam under tension/compression or torsion this would be the first derivation. In
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the next step, the stiffness of the beam EI, can be replaced by the general matrix C. C contains
the stiffness of the element, against deformation along the degree of freedoms due to the loads.
This correlation is the so called constitutive equation (CE). For a beam, bending around the x
axis, the entity is El,, while the entity for a beam under tension or compression is EA and G,
for a beam under torsion. Finally, the integral over y has to be extended to the general 3-
dimensional case, which leads to a volume integral over V. This results in the general expression
for the stiffness matrix:

C(IN)av (2.21)

2.1.4 Shell Elements

In all structural analysis in this study the ANSYS shell element SHELL181 is used. In the fol-
lowing the basic assumptions and properties of the element are described. The following expla-
nations are based on reference [105].

The used shell element is a 4-node structure shell element for thin to moderate shell struc-
tures. The shell element has 6 degrees of freedom at each node — 3 translational DOFs and 3 ro-
tational DOFs. It is also possible to use the element in a triangular shape. In this case two
nodes are coincident. The shell element is suitable for linear and non-linear analysis.

The shell element can be used to model composite shells or sandwich constructions. The accu-
racy in modeling composite shells is governed by the first-order shear-deformation theory
(Mindlin-Reissner shell theory).

The shell element employs linear shape functions for all DOFs. To avoid shear locking, the
basic functions for the transvers shear strain are changed according to Dvorkin [106].

The assumptions for the shell element in the used condition with homogeneous linear-elastic
materials are:

e The thickness of the shell is much smaller than its next larger dimension (length,
width or curvature).

e The thickness of the shell is constant.

e The strain distribution during bending in height direction is linear and symmetric to
the shell’s middle plane.

e For pure bending, the stress and strain is 0 at the middle plane.

e For longitudinal loads, stress and strain are constant over the thickness.

e The normal to the middle plane remains straight during bending, but not necessarily
normal to the middle plane.
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2.2 Approach

In the following, the approach used to develop the new method for the estimation of the wing
mass, is explained. The different aspects of the approach are directly derived from the require-
ments formulated in the research question in chapter 1.3.

2.2.1 Extended Physics-Based Modeling

In the research question, a reliable prediction of the wing mass of novel configurations or
structural concepts is demanded. As shown in the literature review in chapter 1.2, reliable pre-
diction of a wider design space can only be achieved with physics-based methods, rather with
statistical methods. Additionally, it is shown that beam-based methods cannot effectively cover
multiple local effects, which is required for the evaluation of new structural concepts and novel
wing configurations. Therefore, the mass estimation process needs to be based on finite element
shell methods, as only these methods combine the needed flexibility, accuracy and acceptable
computational costs.

According to the research question,
the wing mass including its major

secondary structures should be esti- T

N

mated accurately. Therefore, physics-
based methods are also required for
the secondary structures. Each wing
contains a wide range of different sec-

ondary structures, of which most are
very lightweight. Therefore, the phys-  Fig. 2.7: Extended modeling of the wing structure includ-
ics-based mass estimation in this ap- ing flaps, flap tracks, a pylon and a landing gear.
proach is limited to the heaviest parts

of the high-lift system, which are the flaps, including flap tracks, as well as the ailerons, includ-
ing their attachment (see Fig. 2.7).

As the wing, the flaps and the ailerons have a very similar structural buildup (skins, ribs and
spars) they can by modeled using the same approach based on shell elements. To capture the
interactions between the main wing and the movable structures, it is necessary to include both
parts of the wing in one common model, including a realistic modeling of the connection parts
(e.g. flap tracks). Therefore, one finite element model is used for the whole wing, including flaps
and ailerons.

To achieve the required accuracy of the new method, all characteristic capabilities of a state-
of-the-art multidisciplinary wing mass estimation process according to the description in chapter
1.1.3 need to be fulfilled. These characteristic capabilities clearly describe the need for a multi-
disciplinary analysis including the computation of all loads, the need for an aeroelastic feedback
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loop and the capability for structural analysis and sizing. Therefore, the so called WINGmass
tool chain is developed, that includes methods and tools for each of these capabilities.

The WINGmass tool chain must include a physics-based estimation of the aerodynamic loads
that is able to capture the loads on the wing as well as on the high-lift systems. Only the pres-
sure distribution over the wing and the movable structures is of interest, while further aerody-
namic properties such as drag or maximum lift are not needed for the load estimation. There-
fore, a vortex-lattice method, such as described in chapter 2.1.1, is chosen for the loads
computation.

After the aerodynamic loads, the loads resulting from the fuel inside the wing are the second
largest contributor to the wing loads. Therefore, these loads need to be captured by a reliable
and detailed representation. For the fuel loads, a module is developed, that computes the static
fuel pressure on each area of the finite element model. Using this approach, the total fuel mass
as well as the fuel distribution along the wing can be captured accurately.

Other important loads, are the loads due to the wing mounted landing gear and the engines.
The landing gear loads consist of inertia loads and of the ground forces that are transferred over
the landing gear in the wing structure. The engine loads consist of inertia loads and of the en-
gine thrust force. To capture these loads, a module is implemented to compute these loads for
each load case. To achieve a realistic load introduction in the wing, the primary structural com-
ponents of the landing gear and the engine pylon in the finite element wing model are included.

The next element of the tool chain is the structural analysis and sizing routine. Here, the
loads are applied on the structural model, the model is analyzed and new material thicknesses
are computed with respect to stresses and deformations. A wide range of load cases are required
to be used for the analysis, as the most critical loads for the wing primary structure as well as
the movable structures need to be taken into account.

The aerodynamic load distribution, the loads due to the fuel distribution and the orientation
of the engine thrust vector change due to wing deformation. Therefore, a loop is implemented,
iterating between the structural analysis and sizing routine and the loads computation modules.

2.2.2 CPACS Parameterization

The wing mass estimation process

should be usable already in early design /.-—-.\
e o te
@ »nin ® »»

) ) ] Fig. 2.8: Number of interfaces for multidisciplinary
dynamics, costs, flight physics, perfor- tool chains without (right) and with (left) cen-
mance, wing mass estimation and several tral data model (n = number of tools) [109].

Wt

stages, according to the demand of the re-

search question. Early design stages can

be characterized by their multidisciplinary
nature, where several disciplines are used
in parallel. These disciplines include aero-

others. Therefore, a wing mass estimation
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process must be easily integrable in a multidisciplinary aircraft design environment. Additional-
ly, a disciplinary study on only the wing mass must be possible.

To fulfill these requirements, the whole wing mass estimation process uses the data model
CPACS (Common Parametric Aircraft Configuration Scheme) as input and output format. The
xml-based CPACS format has been under development since 2005 and is used as a common lan-
guage for several disciplinary aircraft design tools [107, 108]. The CPACS data model acts as a
central data model, where all tools in the tool chain get their inputs from and where they store
their outputs. Therefore, tools that run later in the chain can use the previously computed re-
sults, independent of the specific tool that has produced these results. For example an aerody-
namic spanwise load distribution can be used by a structural model as load input, without the
need of a direct coupling between the aerodynamic tool and the structural tool. Using the cen-
tral data model approach, each tool only needs one CPACS input and output to communicate
with all other tools in the tool chain, which clearly reduces the necessary interfaces between the
tools (see Fig. 2.8).

Additionally, the demand of the research question for the ability to analyze novel configura-
tions or structural concepts can be fulfilled with the CPACS parameterization. From the begin-
ning of the CPACS development, a special focus was led on the flexibility of the parameteriza-
tion that allows the definition of nearly all thinkable aircraft configurations or structural

layouts.

As the CPACS data model is used for this study, the chosen approach is CAD-free. For wing
mass estimations processes that are based on CAD systems, the CAD system is primary used as
user interface and model generator (such as in [24]). However, tools that are coupled to CPACS
do not have a user interface, as all required information is stored within the CPACS database. If
a CAD system is desired to be used to define the aircraft geometry or to control the tool chain,
it would be possible to write a module that translates the CAD data in the CPACS parameteri-
zation or that derives a CAD model from CPACS. Then, the whole chain could be seen as
CAD-based, whilst the tools of the tool chain are not related to the CAD system. For the tools
in the chain, the CAD system would simply act as another CPACS-coupled tool.

2.2.3 Central Multi-Model Generation

The WINGmass tool chain consists of several analysis modules that get their inputs from the
CPACS parameterization. Most of the CPACS coupled tools existed before the CPACS data
model was developed. Therefore, these tools have their own tool specific input and output. To
translate between the CPACS parameterization and the tool specific parameterization so called
wrappers are used. These wrappers are normally small modules, transforming one parameteriza-
tion in another. In case of complex wing models, these ‘small modules’ can become quite com-
plex tools. The wrappers that are computing the tool inputs can also be called model generators.
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Instead of implementing one wrapper (or ]
model generator) for each tool input, it has been
decided to impl)ement only one central model »E
generator in this study (see Fig. 2.9). This mod- c
el generator is called ELWIS, which stands for >
Finite Element Wing Structure. The name re- ]
flects that the core of the model generator is the
generation of the finite element wing models, —
but is extended to create other tool specific in-
puts. The use of one central model generator in- g —
stead of several different wrappers has several é Model Generator
advantages: s

o Saving implementation time: A model S

generator always works as follows: Fig. 2.9: Concept of a multi model generator to
first the input (here: CPACS) is read, reduce CPACS interfaces.

then an internal model is computed

and finally the tool specific output is derived from the internal model.

The functions of a model generator for one tool can be reused for the model generation
of another tool in two different ways: on the one hand, some computations need to be
done for most models and therefore these functions can be reused. E. g. the wings out-
er shape is required for almost all analysis tools.

On the other hand, several functions that are implemented in a general manner can be
used for the computation of different models. An example is the function computing
the structured mesh of a finite element model, which can also compute the structured
mesh of a vortex-lattice model, if the input of the function is modified corresponding-
ly.

The saving of implementation time can nicely be seen at a comparison of lines of code
that are needed for the generation of the different tool specific outputs. The ELWIS
model generator consists of roughly 37000 code lines and can currently create tool in-
puts for 10 different tools (including tools that are not part of this study). For the
model generation of the structural FE model around 32000 of the 37000 lines are
needed. For the generation of the vortex-lattice model around 10000 code lines are
needed, of which only 2600 lines are added specifically for the vortex-lattice model,
while the other 7400 lines are reused code from the FE model generation. For the in-
put of the model computing the fuel, engine and landing gear loads only 650 code lines
are implemented additionally, while in total around 14000 lines are used for that com-
putation.

Fasier maintenance of the model generator: The CPACS parameterization is constant-
ly developed further, wherefore new releases are published on a regular basis. Each
time, a new release is published, all wrappers must be adapted to the new CPACS
version. In the case of the ELWIS central model generator, this work needs to be done
once, instead of once per CPACS coupled tool.
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o Saving computation time: As mentioned above, some computations are required for
several models, wherefore computation time can be saved if these computations are
performed once, instead of once per tool. Examples are the computation of the wings
outer geometry or the pure loading of the CPACS input file, which is one of the slow-
est parts of the whole model generation.

e PBetter consistency between models: In a multidisciplinary tool chain, the consistency

between the single models is crucial. A good example is the outer shape of the aerody-
namic and the structural model. For the interpolation of the aerodynamic load distri-
bution on the structural model, both geometries need to be the same. This consistency
can be reached, if all analysis models are derived from the same master geometry.
This is the case, if one central model generator is used.
In addition, the central model generator can make an interpolation unnecessary, which
leads to the best possible consistency. In the WINGmass tool chain, the structural
gird is also used as grid for the fuel load computation. This means, that the fuel pres-
sure load is directly computed on the structural grid, allowing it to be directly applied
on the structural model without any interpolation.

2.2.4 Knowledge-Based Approach for Model Generation

This chapter is structured in four parts: First an overview of knowledge-based engineering
systems, which are the software applications of knowledge-based engineering (KBE), is given.
Next the state-of-the-art of formalized approaches for the development of such systems is de-
scribed. This is followed by the description of the approach that is chosen in this study and fi-
nally some basic considerations related to the implementation of the ELWIS model generator
are described.

It should be noted, that various different terms and definitions exist in the field of KBE. The
following descriptions are primary based on the research that is performed at TU Delft by La
Rocca et al., as their work represents a good state-of-the-art of knowledge-based engineering

techniques in aeronautics.

Knowledge-Based Engineering Systems

In a traditional engineering design cycle, 80% of the development time that is spent by the
engineers can be characterized by repetitive non-creative work, while only 20% of the time is
spent on creative engineering [25]. By applying the knowledge-based engineering (KBE) ap-
proach, these shares can be switched to 80% creative work and 20% repetitive work including a
considerable time saving for the total design cycle (see Fig. 2.10) [25]. The main advantages of
KBE are [25]:

e Enhancement of productivity levels: more designs in shorter time due to design auto-

mation.
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e Improvement of product quality levels: better designs, due to multidisciplinary analy-
sis and optimization approach.

e Improved confidence in generated designs.

e Improved level of workers’ satisfaction and more space for innovation due to less re-
petitive work and more time for real creative design.

e (Capability to capture, retain and re-use the knowledge of the engineers due to the im-
plementation of the knowledge.

These advantages can be realized by the  Traditional approach KBE approach
application of software tools, the so called A
KBE systems that capture the design
knowledge from the engineer and can therefore I;Teed
support the engineer in repetitive non-creative 2 S0
parts of the design. This automation is s rep;titive
reached by the implementation of rules in the s work oA 20%
= repetitive
software, describing the engineers’ knowledge 5 % w:rk
in a formalized way. The KBE systems are <
knowledge-based systems (KBS), extended 20% 3 80%
. =} .
with capabilities for geometry handling to creative 3 creative
v work vy work

provide engineering design solutions. There-

fore, KBE systems can be seen as a cross point  Fig. 2.10: Impact of KBE on design cycle time
of KBS and CAD-systems [25]. (based on [25]).

The roots of knowledge-based systems can be found in the field of artificial intelligence, where
the basic methods and techniques of KBS have been developed. Knowledge-based systems (or
expert systems (ES)) are computer programs that use stored knowledge for solving problems
[25]. Compared to ‘conventional’ computer programs, in KBS the knowledge base (KB) is strict-
ly separated from its processing respectively the problem solving strategies [25]. This means that
in the knowledge base, the whole knowledge is stored in the form of rules that are laid down in
an arbitrary order. The processing component of the KBS decides which rules respectively func-
tions are ‘fired’ (or called) and in which order this occurs. This has the advantage that the rules
in a KBS can easily be modified or extended, as the implementer does not need to be concerned
about its integration in the system.

The knowledge rules in the knowledge base need to be structured and formalized by means of
a symbolic representation. In knowledge-based systems, so called rules and frames are the two
most common types of structure for the knowledge representation. The systems that are based
on rules are called rule based systems (RBS). These rules are codified in the form of if-then
statements. Systems that are based on frames are called frame based systems (FBS) and their
rules and parameter values are stored in frames. A frame represents a single data structure
where everything is stored in. From the view of an implementer, FBS can be seen as RBS im-
plemented in an object oriented way [25].

To define the sequence, in which the functions (or rules) are fired, two different approaches
can be identified [25] (see Tab. 2.1):
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Forward chaining is an iterative approach. In the first loop all functions, of which all
needed inputs are available, are fired. In the next loop additional functions can be
fired, as in the meanwhile more parameters are computed. A function that is fired
once is never fired again. This requires, that a parameter that is once computed, is
never changed by any other function. The iteration stops, if no additional function can
be fired.

Backward chaining first checks, which parameter is requested by the user. If this pa-
rameter is not available in the database, the function that computes this parameter is
searched and it is checked, which parameters are additional needed to run this func-
tion. Then, these functions are searched to compute the required parameters and so
on. In the end, only these functions are fired, that are necessary for the solution of the
problem.

For the implementation of KBE systems, special software languages are developed, that have

different properties, compared to non-KBE languages. KBE languages, like GDL (General-

purpose Declarative Language), that is used by La Rocca can be characterized by [25, 110 and

111]:

Based on LISP: KBE languages are very often based on object oriented dialects of the
programming language LISP (LISt Processing). LISP is based on lists as its major da-
ta structure. LISP source code itself is made up of lists. Therefore, LISP programs can
manipulate their own source code as a data structure. By using macros that are writ-
ten in LISP, it is possible to provide the implementer with a higher-level and more us-
er—friendly language construct.

Object oriented paradigm: As already described above, object oriented software lan-
guages are needed for frame based systems.

Declarative coding style: The order of functions or rules is arbitrary. The order in
which the functions are called is decided by the processing part during runtime, de-
pendent on the actual problem (see description above).

Functional coding style: Each function returns a new parameter instead of modifying
already existing parameters. This means, that a parameter that is once computed, will
never change. The functional coding style is a precondition for declarative coding.
Runtime value caching and dependency tracking: The system computes and stores on-
ly these parameters that are needed. Each value is only computed once (compare
backward chaining described above).

Dynamic data types: parameters and objects do not have a predefined data type. The
data type is set automatically and can change during runtime.

Automatic memory management: Memory is automatically allocated and de-allocated.

The way of working of declarative and functional coding is shown in the example in Tab. 2.1.

Here the order of fired rules/functions is shown in cases of forward and backwards chaining. It

can be seen that for the two different cases, different functions are called in a different sequence,

depending on the given input and the required output.
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Tab. 2.1: Sequence of fired rules with forward and backward chaining, for a simple mathematical example
that is implemented in declarative and functional coding style.

Casel: D given, C searched Case 2: A given, B searched

Rule/Function Forward Backward Forward Backward

chaining chaining chaining. chaining
A=B 2 2 3 -
B=D+1 1 1 2 2
C=A+B 3 3 3 -
D=A-1 3 - 1 1
E=D-B 2 - 3 -

Implementation of a KBE System

Beside the software aspect of KBE systems, another research focus in KBE lies on the imple-
mentation of the KBE systems. A number of different methodologies are available for the devel-
opment of KBE applications and systems. The most popular of these methods is the ‘Methodol-
ogy and Software Tools Oriented to Knowledge-Based Engineering Applications’ (MOKA)
method [112]. According to the MOKA methodology the knowledge elements are stored in so
called ICARE (Illustrations, Constraints, Activities, Rules and Entities) forms. This knowledge
is then formalized by using MML (Moka Modelling Language, an adaption of UML) to classify
and structure the ICARE informal model elements. The MML model can finally be translated in
product and process models (see Fig. 2.11) [112].

A shortcoming of MOKA is that MOKA is focused on the development of the KBE applica-
tion, but not on the end user or the usage of the application [112]. In addition, MOKA does not
provide a methodology how the KBE application can be integrated in a multidisciplinary design
optimization (MDO). Because of this, the concept of the Design and Engineering Engine (DEE)
is under development at the TU Delft. The DEE consists of three main parts. The first part op-
erates the design process, including the multidisciplinary optimization and the first initialization
of the product model parameter val-

ues. The next major element is the
Multi-Model ~ Generator  (MMG),
which is a modeling framework that

1) Identify
Determine needs
and technical
feasibility

2) Justify

Validate scope and
assess risks

uses the product model parameters
and formalized knowledge to generate

. . . i 3) Capture

the inputs for the various analysis rActivats Collect and
. . d structure the raw

modules, which make up the third e knowiodge

major part of the DEE. The MMG
contains a fully formalized KBE ap-

4) Formalise
Develop Product
and Process
models

plication that could result from the
MOKA approach. But the DEE does
not include a methodological, formal-

5) Package

Develop application

ized approach for knowledge capture, Fig. 2.11: MOKA methodology elements [112].
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knowledge formalization and knowledge delivery which is provided by the MOKA approach
[113].

To overcome this shortcoming of the DEE, the concept has been further developed in the
KNOMAD (‘Knowledge Nurture for Optimal Multidisciplinary Analysis and Design’ respective-
ly ‘Knowledge capture, Normalization, Organization, Modeling, Analysis and Delivery’) ap-
proach. The KNOMAD approach includes the MMG and the analysis modules from the DEE
but is extended with a formalized description for the knowledge capture, formalization and de-
livery processes. From a global point of view, the KNOMAD and the MOKA approaches are
similar, with the difference that the KNOMAD approach is focused on MDO application. There-
fore, the ‘develop application’ phase of MOKA is split in the development of the MMG and the
disciplinary analysis modules. From a more detailed point of view, it can be seen that the
KNOMAD approach puts emphasis on the second phases of knowledge formalization and defines
this phase in more detail [113].

Knowledge-Based Approach in this Study

As already mentioned above, a shortcoming of the MOKA approach is the lack of end-user
orientation [112]. Besides other aspects, such as the MDO orientation, the KNOMAD also im-
proves the end-user orientation [112, 113], whilst the main focus is still on the various other
phases. This is the major difference between these approaches and the knowledge-based ap-
proach in this study.

The research question demands the usage of the tool chain in early design stages. Therefore,
the developed wing mass estimation method must be manageable by a single aircraft design en-
gineer, without the assistance of e.g. a wing-structural specialist. Additionally, it must be possi-
ble to set up a simulation run within very few hours and as such the user input, demanded by
the WINGmass tool chain, must be limited. However, the required level of detail of the physical
analysis tools is high, compared to the state-of-the-art methods that are currently used in air-
craft pre-design (see chapter 2.2.1). Such detailed models, usually require large quantities of in-
put parameters which are not manageable during early design stages.

Therefore, the challenge of this study is, to uncouple the quantity of input parameters from
the increasing level of detail. In the development of a new tool, usually the capabilities of the
new tool are described in the requirements. However, the required input parameters are primari-
ly an outcome of the implementation and are not orientated on the needs of the end-user. This
approach does not appear to be feasible anymore. In the new approach, the input parameters
are defined from the point of view of the end-user, without taking into account the analysis
models and their level of detail.

Usually, the end-user must define the input parameters that are required from the tool. But
in this approach, the elementary question is what input parameters the end-user is willing to de-
fine. These input parameters are usually the parameters that the designer wants to change dur-
ing the design process, in order to optimize the design. Therefore, the number of input parame-
ter is not necessarily as small as possible, as the designer wants to keep control over the most
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relevant wing parameters. If the parameterization is determined by the user, the parameteriza-
tion represents the user’s way of thinking, which can differ strongly from the way of thinking of
the implementer. Additionally, the parameterization only describes the aircraft itself and the
general method that should be used for an optimization or sizing. The parameterization will not
include tool specific parameters that are ‘only’ needed for the generation of the model itself, but
do not describe the real aircraft.

Using this approach, a large gap between the parameterization on the one side and the de-
tailed analysis modules on the other side result. This gap must be filled by knowledge rules that
are implemented in the central model generator (see Fig. 2.12). Therefore, the central question
in the development of the model generator is which knowledge needs to be implemented in order
to fill this gap. As this knowledge is usually not available for the implementer, it needs to be
captured from e.g. papers, books or the direct contact to disciplinary experts. Next, this
knowledge must be understood by the implementer, normalized, formalized and finally imple-

Few user friendly
input parameters F
______________________ | . Jos

Multi-model generator | Knowledge Base (KB) |

I E D
specific parameters = = B i i

mented.

_______________________________________________

Fig. 2.12: Decoupling of the amount of input parameters from the increasing amount
of tool specific input parameters due to the knowledge base.

Software Considerations for the ELWIS Multi-Model Generator

In comparison to ‘normal’ software languages, the most outstanding characteristic of KBE
software languages is the declarative coding style. The declarative coding style is of great ad-
vantage if the sequence of the fired rules or functions of the KBS changes, depending on the
concrete problem that the program has to solve (see Tab. 2.1). However, the problem which
must be solved by a model generator is not of such a nature. During the application of a model
generator, the sequence of the functions does not change during different runs. Independent of
the number of wings, shape of the wings or structural layout, the sequence of fired function will
always be for example:

e Load input file.

e Compute outer shape.

e Place ribs and spars.

o  Write tool specific output file.
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It occurs that some functions are not always needed or that some additional functions are
needed, which can be handled by simple if-then statements. Despite this, the sequence itself will
never change, as e.g. the ribs and spars cannot be placed before the outer shape is computed or
the input file loaded. Therefore, a declarative coding style does not lead to an advantage for the
application of a model generator, wherefore an imperative coding style is used for the implemen-
tation of the ELWIS model generator. The main disadvantage of declarative coding is the un-
clear program structure, which is avoided by the use the imperative programming. For an im-
perative coding style, no strict functional coding is required, wherefore it is not applied. A non-
functional programming has the advantage that parameters can be further developed by differ-
ent functions, without changing the parameters name every time. For example ELWIS, com-
putes the real ribs first, which is followed by various virtual ribs due to different reasons (see
chapter 3.3.1). In this example each function adds a rib to the parameter where the resulting
mesh is stored, which leads to a clear program structure.

The main advantage of backward chaining is the computational efficiency, as only these com-
putations are performed which are required. An approach which has the same goal is imple-
mented in ELWIS. First, a check is performed, which outputs need to be generated, which
wings (of the several defined wings) should be created, which flaps should be included in the
wing and so on. Then, only these computations are performed which are required to compute
the demanded output.

The way of structuring data is similar to the approach in frame based systems. This means
that all parameter are stored in hierarchical data structures, as it is standard in object oriented

programming.

2.2.5 Software Languages and Analysis Tools

In the following sections, an overview of the different software languages and analysis tools is
given. The structural analysis and sizing is implemented in the FE-program ANSYS, the aero-
dynamic loads are computed with the vortex-lattice program AVL, while all other tools are im-
plemented in Matlab.

ANSYS

For the structural finite element model, an FE solver is required. As the self-implementation
of an FE solver would be a very time-consuming and therefore inefficient task, the commercial
solver ANSYS (ANalysis SYStem) is used. ANSYS is one of the major finite element programs,
offering a wide range of applications. ANSYS offers different 1-, 2- and 3-dimensinal elements
and can be used for linear and non-linear analysis. An important advantage of ANSYS is the
possibility to perform multi-body simulations, which is required for the modeling of the flaps
and the landing gear. For the connection of the different bodies in such simulations, it is possi-
ble to use a wide range of different joint and slider elements [105].
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Another advantage of ANSYS is the ANSYS internal script language APDL (ANSYS Para-
metric Design Language). In this study, APDL is used for the implementation of the structural
analysis and sizing module S BOT+ (Sizing roBOT+).

In other wing mass estimation tool chains (such as in [24]), the structural analysis is per-
formed with an FE solver, whilst the sizing is performed by another tool, implemented in a dif-
ferent language. The use of APDL leads to the advantage that both, the structural analysis and
the sizing, can be performed in ANSYS. Therefore, no interfaces are needed between these two
parts, which simplifies the implementation and increases the computational speed. Additionally
APDL is very efficient in vector operations, which allows the implementation of a fast sizing al-
gorithm.

AVL

For the computation of the aerodynamic pressure distribution, a method based on the vortex-
lattice theory is chosen (see chapter 2.2.1). For this computation, the software AVL (Athena
Vortex Lattice) [94] is used. AVL is developed by Joungren and Drela from the Massachusetts
Institute of Technology (MIT) since 1988.

One advantage of AVL is that it is freeware, which avoids license costs. In addition, the
source code of AVL is available, so that modifications can be implemented. As it will be shown
in chapter 3.4, it was necessary to slightly modify the AVL source code. AVL is written in
FORTRAN, wherefore its computation is very fast.

However, the most important advantage of AVL is its flexibility. With AVL, a wide range of
different wing shapes as well as number of wings and fuselages can be computed. This is needed
to fulfill the requirement of the research question that it must also be possible to analyze nove/
configurations.

MATLAB

For the WINGmass tool chain, several tools need to be developed. Namely these are the mod-
el generator ELWIS, the computation of the engine, landing gear and fuel loads, the framework
for the AVL loads computation, the post-processing routine and the WINGmass framework it-
self. Matlab (Matrix Laboratory) [114] was chosen as the programming language for these tools.

Matlab is a numerical computing environment, which is primary optimized for matrix manip-
ulations. Matlab can also be used for plotting of functions, creation of user interfaces and the
implement of algorithms. Matlab allows object oriented programming. Using Matlab, it is possi-
ble to start and control external programs, such as e.g. ANSYS or AVL.

In Matlab, it is comfortable to implement and to debug self-written software, as Matlab con-
tains a good editor. Additionally, Matlab contains a wide range of pre-defined functions and
toolboxes, which allows quick and efficient programming. By using such toolboxes, it is for ex-
ample easily possible to read and write xml-files, which is needed for the work with CPACS.



42 2 FUNDAMENTALS AND APPROACH

Fach program must be able to be improved and updated regularly after its first implementa-
tion, even when the original implementer is no longer available. Therefore, it must be ensured,
that the successors of the original implementer can familiarize themselves with the software as
easily as possible. This is much easier if the successor is already familiar with the programming
language. A large number of engineers are familiar with Matlab, as Matlab is often learned dur-
ing engineering studies. This is different with KBE specific languages like GDL that is used for
the MMG of the TU Delft. GDL is a very specific language that can only be handled by a few
software specialists. As the syntax of GDL is completely different compared with common lan-
guages like Matlab, C++ or Java it is not easy to learn. As shown in the previous chapter, the
advantages of such languages are not needed for the implementation of the ELWIS model gen-
erator (and also not being necessary for the analysis tools).



Chapter 3
IMPLEMENTATION

Taking the aspects that are described in chapter 2.2 into account, the multidisciplinary
WINGmass tool chain is developed. First, an overview over the tool chain is given, followed by
the description of the user-oriented parameterization. Next, all analysis models as well as their
automated generation process are explained. Finally the structural analysis and sizing as well as
the post-processing are described.

3.1 Tool Chain Overview

As described in chapter 2.2.2, the whole tool chain is coupled to the CPACS format. There-
fore, a CPACS file is used as input for and output of the chain. The CPACS input file is read
by the central multi-model generator ELWIS at the beginning of the chain (see Fig. 3.1).
ELWIS generates the tool-specific inputs for all analysis modules, the post-processing routine
and the overall WINGmass control routine.

Next, the analysis modules for the loads computation are started: The aerodynamic loads are
computed by AVLloads (Athena Vortex Lattice Loads) while the secondary loads are computed
by ESEL (Finite Element Secondary Loads). Secondary loads are all non-aerodynamic loads.
These are the loads due to the fuel inside the wing, the engine thrust and the ground loads that
are transferred from the landing gear in the wing. As the secondary loads depend on the result-
ing angle of attack of the aerodynamic computation, the aerodynamic loads are computed first.

After the loads computation, the structural analysis and sizing routine S BOT+ (Sizing ro-
BOT+) is started. S BOT+ loads the finite element model, applies the loads and analyses all
load cases. Based on this analysis, the sizing is performed and the new element properties are
computed and applied on the analysis model. This is iterated until the mass of the model con-
verges. Finally, an output file is created, containing all element properties and the wing deflec-
tion of all load cases.
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By using the computed wing deflection, all loads are recalcu-
lated and the structural analysis and sizing is repeated with the
new loads. This loop is repeated until the mass of all lifting sur-
faces of the model converges.

After the mass has converged, the post-processing routine P2 Multi-Model
(Post-Processing) is called up. This routine transforms the ele- Gen:\rl';:ion

ment results to the masses that are written into the CPACS

mass breakdown. Finally P2 generates several plots (e.g. conver- ¢
gence behavior) and writes the CPACS output file.

Aerodynamic Loads
AVLloads

v

Secondary Loads

3.2 Parameterization

As mentioned in chapter 2.2.4, the user-oriented parameteriza- -
tion is crucial for the wing mass estimation tool chain. Flexibility ¢
with regard to unconventional configurations and structural con- Structural Analysis
cepts and, at the same time, its simplicity and clarity, also for a"'sd:;i"g

complex wings are the key requirements for the parameterization.

Several authors have proposed parameterizations for finite el-

Mass

ement wing models that are used for mass estimation in early de- c o
onvergedr

sign stages:

e The parameterization of the NASA Vehicle Sketch Pad
(VSP) [57] and the wing mass estimation tool by Post Processing
Hutchins et al. [115] are very simple wherefore new P2

wings can be generated very fast. However, these pa-
rameterizations are only applied for simple straight
wings with straight spars and simple distributed ribs. Ouput

e Dubovikov [116] of TsAGI defines the planform of the CPACS
wing by a combination of several triangular or square

boxes, with each box representing the area between two  Fig. 3.1: Flow chart of
WINGmass tool

ribs and two spars. This means, that the inner and out- chain

er ends of the box define the rib positions, while the
forward and rear ends define the spars. By using this approach, even complex wing
structures can be defined, but the definition process is complex and lengthy, as e.g.
one spar is defined by many boxes in spanwise direction. If this spar is moved, all
boxes in front and behind the spar need to be modified.

e For the definition of the wing structure of the MMG at TU Delft [25], the internal
structure is defined within one ‘wing trunk’. A wing trunk is the segment of a wing
between two airfoils. Within one wing trunk, simple structural layouts can be defined.
By combining several wing trunks, complex structures and wings are definable, as

well.
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(a) (b)

Ribs defined in
one set

Spars have do be
defined 3 times
(once per segment)
Intermediate
airfoil to allow

spars defined
kink in rear spar

at once

Ribs have to be
defined 2 times
(once per segment)
Only one intermediate
airfoil at real kink

y ——

Fig. 3.2: (a) Parameterization of MMG of TU Delft; (b) new CPACS parameterization. The black
dots indicate the required spar definition points.

From the described parameterizations, that of the MMG seems to be the most promising, as
its ability to define complex structures is shown in several publications. But this parameteriza-
tions still has several disadvantages in terms of the simplicity of the definition of complex struc-
tures. The main disadvantage of the MMG parameterization is the strict coupling of the defini-
tion of the outer shape (airfoils) with the internal structure, which can be shown using the
following examples (see Fig. 3.2 (a)):

e One straight spar from root to tip has to be defined separate in each segment of the
wing.

e If the spar has a kink at a certain position, a new airfoil has to be defined manually at
this position first.

o Should a new airfoil be inserted retroactively e.g. for twist optimization, the structure
to the left and right of the new airfoil needs to be redefined manually, although noth-
ing has changed in the structural layout or wing planform.

e Skew ribs, crossing the border of two wing trunks, have to be defined twice, although
it is only one rib.

Besides the flexibility of the MMG parameterization, this parameterization has the advantage
that the implementation of the model generator is comparatively simple. However, this is to the
detriment of the user-friendliness of the parameterization.

As shown above, none of the existing parameterizations meets the requirement of being flexi-
ble and simple at the same time. Therefore, a new definition of the wing’s internal structure and
the high-lift systems is developed in this study and integrated into the CPACS data model. The
new development was initiated and led by the author and performed in close cooperation with
several partners.

In CPACS, all wing-like structures, such as wings, HTPs, VI'Ps or canards are defined as
wings. The first step in the wing definition in CPACS is the definition of the wing’s outer shape.
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o _ The outer shape is defined by placing
Positioning 1 (optional) . o

Defined by: length, sweep, dihedral any number of predefined airfoils in the
_— three dimensional space. This placement
can either be done by coordinate system
transformations or by so called position-

segment 1 ings. With positionings the wing can be

Airfoil 1

constructed with intuitive parameters

Airfoil 2

such as sweep and dihedral. Also a com-

Segment 2

bination of both definition types is pos-

Airfoil 3

sible. After placing of the airfoils, always
two neighboring airfoils are combined to

Fig. 3.3: Definition of a simple wing in CPACS. one wing segment (see Fig. 3.3).

The CPACS parameterization of the
wing’s outer shape is similar to several other parameterizations, but the newly developed pa-
rameterization of internal structures differs. The new parameterization takes the way of thinking
of an aircraft designer into account. If an aircraft designer defines the rib and spar layout of a
new wing on a traditional drawing board, he would take the planform view of the whole wing,
would define the spars with a few lines in spanwise direction and would finally draw the ribs be-
tween the spars. The new CPACS parameterization follows exactly this approach.

In CPACS, the wing can have almost any shape and can also split up (for example at wing
tip fences or H-tails). Therefore, the user has to split the whole wing definition into sub-wings of
which he wants to use the planform for further definitions (see example in Fig. 3.4). These sub-
wings are called component segments. For a conventional wing, the component segment would
usually include the whole wing. For a H-tail (half definition), two component segments would
usually be created — one for the horizontal and one for the vertical part.

The component segment defines the relative spanwise coordinate 1 and the relative chordwise
coordinate ¢. Using these relative coordinates, all further components inside the wing, such as
structures, flaps and spoilers can be defined. In a first step, the spars are defined on the wing
planform. Therefore, at each position, a spar starts, ends or has a kink, a point is defined in n/
¢-coordinates (see black dots in Fig. 3.2 (b)).
Next, the spar geometry is defined by a list
of these points. Using this parameterization,
spars can start, end, have kinks and cross
each other at every position on the wing and
not only at the positions, airfoils are placed.
At the same time, the definition is still sim-

ple, short and handy. An example of the def-

Fig. 3.4: Split of a complex wing in four component  inition of a spar is shown in Fig. 3.5.
segments for further definitions.
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[€] wings
[e] wing
@ symmetry
@ ulD
[e] parentUID
[e] transformation
[€] sections
[e] positionings
(e] segments
[€] componentSegments
[e] componentSegment
@ ulD
[e] fromElementUID
[e] toElementUID
[€] structure
[€] upperShell
[e] lowerShell
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(€] sparPosition
@ ulD
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[e] upperCap
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@]

[e] webl
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Fig. 3.5: Example of front spar definition in hierar-

chical CPACS structure.
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Next, the ribs are defined. Ribs are usual-
ly placed between two spars or between a
spar and the leading or the trailing edge.
Therefore, ribs are defined with respect to
the spars, the leading or the trailing edge in
CPACS. To allow a fast definition of sever-
al ribs, it is possible to define rib sets, con-
taining several uniformly distributed ribs.
As opposed to the conventional parameteri-
zation at the MMG, in CPACS ribs and rib
sets can be defined over the entire wing,
without regard to the distribution of the
outer shape airfoils (see Fig. 3.2).

In CPACS, one default material setting
for the upper and the lower shell (skin and
stringer) is defined. Different settings on
parts of the wing can be defined by cells. A
cell is a region on the wing that is defined
either by relative coordinates or by its bor-
dering ribs and spars. Within these cells,
individual material properties for the skin
as well as individual stringer properties can
be defined. Ordinarily, a user would only
utilize cells, to distinguish the material set-
tings of the wing box from the settings of
the leading and trailing edge. Structural siz-
ing tools can use these cells to write the de-
tailed skin thickness distribution in the
CPACS file.

The definition of the movables (leading

edge devices, flaps, ailerons and spoilers) is also inspired by the approach an aircraft designer

would chose on the drawing board. As shown in Fig. 3.6, the designer needs to define the corner

points of the movable structures on the wing planform in 1/&-coordinates of the component

segments. Next, he can optionally define 3D-properties of the movables such as the airfoils. The

definition of the internal structure of the movables is analogous to that of the wing structural

definition, but the n/&-coordinates refer to the movables instead of the component segment. The

deflection path of the movable is defined in a special coordinate system that refers to the hinge

line of the movable. This makes the definition comfortable and intuitive for the designer, with-

out the need of thinking on wing sweep or dihedral in the global coordinates.
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For the structural analysis in this study,
the flap tracks are included. Here, the
question which track-related parameter a
designer wants to define during prelimi-
nary aircraft design arises. The detailed

and complex track geometry is not defined

P2 (1/€) by an overall aircraft engineer. Still, the

P1(n/¢)
| spanwise track position and the kinematic

~

type of the flap track can be defined by
such engineers. Therefore, only these two
simple parameters and the track materials
Fig. 3.6: Definition of trailing edge device planforms are requested by the WINGmass tool

with 4 (left) respectively 6 (right) parameters. chain. All further information is computed
by the knowledge rules, implemented in
the ELWIS model generator. A similar, user-friendly parameterization is chosen for further
structures, attached to the wing, such as the landing gear [117] or the engine pylon. Further de-

tails of the CPACS parameterization can be found in [118].

In the CPACS wing parameterization, only parameters that describe the real aircraft are in-
cluded. No parameters that only describe the model can be defined. Therefore, no virtual ribs or
spars can be defined in the CPACS wing definition, as would be the case with e.g. the MMG
parameterization. This has the advantage that the aircraft designer can focus on the design it-
self rather than needing to consider the model or the model generation process. A single excep-
tion: In the ELWIS tool-specific part of CPACS, the element size of the FE model can be speci-
fied optionally. This specification is simple to define, since it is not directly linked to the actual
geometry, as virtual ribs or spars would be. If no element size is given, ELWIS uses default val-
ues for a medium fine mesh.

The advantages of the new CPACS parameterization become apparent in its growing popu-
larity. Work is ongoing aiming to couple LAGRANGE by CASSIDIAN [119], the MMG of TU
Delft [120] and the CEASIOM framework of KTH Stockholm [121] to CPACS and its wing defi-

nition.

3.3 Structural Model

The structural model is generated by the ELWIS model generator based on the CPACS pa-
rameterization. In ELWIS, the model is created using a strict hierarchical structure as can be
seen in Fig. 3.7. On the highest level, all component segments are positioned. Different compo-
nent segments can be attached to one another or even belong to different wing definitions. How-
ever, all component segments are on the same hierarchical level. In CPACS, the movables are
defined as cut-outs of the wing. Therefore, the movables are defined as children of the compo-
nent segments in ELWIS, inheriting several properties from their parent. In case of multiple
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slotted flaps or trim tabs on flaps or ailerons, the first movable is the parent of the second mov-
able and so on.

ELWIS treats all lifting surfaces (= wings and movables) in a similar way, as they are all
constructed from ribs, spars and skins. For all lifting surfaces, a structured finite element grid is
computed from the CPACS data model in an automated process. Therefore, the same program
code can be used for all component segments and movables. Small differences occur at the com-
putation of the 3-dimensional key points, which will be explained in chapter 3.3.1.

Besides the lifting surfaces, several additional structures, attached to one or two lifting sur-
faces, have to be included in the FE model. These structures are for example the flap tracks, the
landing gear, the engine pylon or structures for the wing-fuselage connection. In the hierarchical
structure in ELWIS each additional structure is the child of one lifting surface. As can be seen
in Fig. 3.7, flap tracks, for example, are the children of their flaps and the landing gear is the
child of the wing component segment. As these additional structures have a small aerodynamic
effect and are not modeled in the aerodynamic load estimation, only the load-carrying parts and

no aerodynamic fairings are modeled in the finite element model.

Usually, only one half of the symmetric wing is defined in CPACS. For most analyses, a half-
wing model is sufficient, while a full wing model may be required for special analyses. Therefore,
the ELWIS user can choose, whether a full- or a half-wing model should be generated. If a full-
wing model is demanded, ELWIS automatically copies and mirrors the whole wing definition
and a full-wing model is generated. To distinguish between the mirrored and the original wing
parts, the ulDs of the mirrored parts are modified with a ¢ symm’ at the end, which is common
CPACS standard.

Finite element
model
|
Component Component
segment wing segment winglet
I
| | | | |
Inner flap Outer flap Aileron Landing Engine
gear pylon
[ | | |
Track 1 Track 2 Track 1 Track 2 Trim tab Hinge 1 Hinge 2 Actuator

|
| [ |

Hinge 1 Hinge 2 Actuator

Fig. 3.7: Hierarchical structure of ELWIS FE models of a wing with winglet.

3.3.1 Knowledge-Based Generation of Lifting Surfaces

In a traditional design process, setting up an FE model from a purely geometrical description
requires a lot of manual work of FE specialists. All surfaces (ribs, spars and skins) need to be
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cut in mainly quadrangular surfaces, in order to ensure a good mesh quality. These cut surfaces
must have their borders at the intersections of ribs, spars and skins, at cut-outs or in places
where the material changes. In complex wing definitions, this surface segmentation process is
well known for being time-consuming. Therefore, the whole process is fully automated in the
ELWIS model generation.

To enable the ELWIS model generator performing these tasks, a set of rules that reflect the
mental rules, an FE specialist would follow in a manual process is implemented in the model
generator. In the following, the approach of the ELWIS model generator is explained, which is
directly inspired by an FE specialist’s approach: First the wing planform is computed, followed
by the segmentation in chordwise direction by placing real and virtual spars. Next the spanwise
surface segmentation is performed by placing real and virtual ribs. After the segmentation pro-
cess is finished, the 3-dimensional keypoints are computed, the element properties defined and
the different component segments assembled.

Planform

The outer geometry of the wing and thereby the wing planform is defined by several airfoils,
placed in three dimensional space. The airfoils can be placed at any position, can have any ori-
entation and can be scaled to any size. By analyzing of the 3D positions of the leading and trail-
ing edge points of the airfoils, the planforms of the component segments are derived and stored
in the hierarchical data structure in ELWIS.

As described in chapter 3.2, the definition of the planforms of the movables in CPACS is car-
ried out with respect to the planform of the parent of the movables. Therefore, these planforms
have to be computed after the planforms of the component segments. In case of multi-slotted
flaps, the flap that is attached to the component segment must be computed first, followed by
the flap, attached to the first flap etc. ELWIS sorts all lifting surfaces in the correct order at the
beginning, so that all planform computations can be performed.

Spars

For the chordwise segmentation process, different types of spars need to be considered. The
following spars are placed on the wing planform as would be done by an FE specialist (see Fig.
3.8):

o Virtual spars at the leading and trailing edge: Usually there is no real spar defined at
the leading and trialing edge of the wing. However, the FE model needs a surface bor-
der at the leading and trialing edge, wherefore two virtual spars are generated along
the leading and the trailing edge.

o Real spars: The real spars are defined by the user in the CPACS data model. ELWIS
never generates any real spars that are not explicitly defined in CPACS. In CPACS; it
is possible to define spars crossing each other without explicitly defining the crossing
point or the fact that these spars cross at all. In such cases, ELWIS automatically de-
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tects the crossing, computes the crossing coordinates and inserts a new spar definition
point.

o Virtual spars at cut-outs: At all places, the upper or lower skin has a cut-out in, e.g.
due to flaps or spoilers, no elements need to be generated in the FE model. Therefore,
a virtual spar is inserted by ELWIS at these positions. If the cut-out is equivalent to a
real spar, which can be defined in CPACS, no additional spar is inserted. If the posi-
tion of the cut-out is explicitly defined in CPACS, this definition is used. If the cut-
out is not defined in CPACS, ELWIS automatically computes the cut-out with regard
to the outer shape of the movable that is responsible for the cut-out.

For the cut-out in front of and behind the center wing box, no virtual spars are in-
serted, as the border of this cut-out is placed on the front and rear spar.

o Virtual spars due to material definitions: 1t is possible to define different material
properties in different regions of the skin. To represent the definition in a proper
manner, an element border must be placed at the change of material settings. There-
fore, a virtual spar is positioned there, if this border is not equivalent to a real spar.

o Virtual spars due to intermediate structures: Intermediate structures are structures
that are placed between the upper and the lower skin. An example for such structures
is a honeycomb structure at the trailing edge of a flap. If such structures are defined
in CPACS and the chordwise border is not a real spar, a virtual spar is inserted.

landing gear support spar (user defined)

real spars (user defined)

leading and trailing edge

upper skin cut out of 2 flaps

lower skin cut out of 2 flaps

upper and lower skin cut out of 2 ailerons

Fig. 3.8: Virtual and real spars, to be placed on the wing planform.

The generation of a structured mesh is the aim of the surface segmentation process. At a
structured mesh, the chordwise order of the spars is clearly defined. However, as can be seen in
Fig. 3.8, most of the spars are not defined from root to tip. Therefore, a smart function is im-
plemented that defines the order of the spars. This is also performed when short spars are de-
fined at different spanwise location, with no spanwise overlapping.

As already mentioned, spars are not necessarily defined from root to tip. An FE specialist
would now extend all spars to the root, respectively the tip. If spars are defined at different
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spanwise parts of the wing, it is checked, whether a merging of two spars would result in a bet-
ter FE mesh, than the individual extension of each spar to the root and tip. The criterion for
merging of two or more spars is a combination of the chordwise distance of the spars and the
difference in the orientation angle between the already existing spars and the new part that is
created between the existing spars. An example is shown in Fig. 3.9, where two spars from the
flap cut-out and two spars form the aileron cut-outs are merged to one spar.

If two spars merge beyond a certain point, such as the rear spar and the landing gear support
spar in Fig. 3.8, both spars are continued exactly on each other. Before the ANSYS model is
created, the double keypoints are detected and deleted. This process is also applied, if more than
two spars are have coinciding points. The surfaces at the position at which the spars merge, are
triangular instead of quadrangular elements like on the rest of the wing (see Fig. 3.11).

After all spars are extended from root to tip, additional virtual spars are generated to reach
the specified element size. The element size can optionally be defined by the user. If no explicit
definition is given, ELWIS chooses a medium fidelity element size. An exemplary wing with the
segmentation with all real and virtual spars is shown in Fig. 3.9. After the chordwise surface
segmentation process, the spanwise segmentation process starts, as it would be done by an FE
specialist.

Using the example of the chordwise segmentation process, the advantage of handling the en-
tire component segment at once can be seen nicely. In comparison with the process described by
La Rocca et al. in [65], where each aerodynamic segment is considered separately, a process with
fewer restrictions, resulting in a better FE mesh, is realized.

continued spars

spars due to element size

merged spars

Fig. 3.9: Final spar layout after knowledge-based segmentation process.
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Ribs

After the chordwise segmentation process is finished, real and virtual ribs are used for the

spanwise segmentation process. As an FE specialist would do, several different requirements

have to be considered for the segmentation process. Each requirement is reflected by a virtual or

real rib. In detail these ribs are:

Virtual rib at the root and the tip.

Real ribs: ELWIS can handle all kinds of rib definitions that are allowed in CPACS. If
ribs are crossing each other, ELWIS automatically detects the crossing point and adds
a new rib definition point. If ribs should end after the crossing, ELWIS stops continu-
ing the ribs.

Virtual ribs due to kinks: In case of kinks in the planform, ELWIS automatically in-
serts virtual ribs at these positions, to ensure that the geometry is represented accu-
rately. This function is optional and can be turned off by the user, as there are several
wing configurations where these ribs do not lead to a higher mesh quality. Such a con-
figuration is shown in Fig. 3.10: At the inner kink, a real rib exits while the outer two
kinks are very small. Therefore the error in geometry representation is negligible. Ad-
ditionally, the outer kink rib leads to a worse mesh (see Fig. 3.11).

Virtual ribs due to cut-outs.

Virtual ribs due to material definitions of the skin.

Virtual ribs due to intermediate structures.

Virtual ribs due to material definitions of the spars: If the material properties of a
spar should change, a spanwise segmentation is mandatory at this position. If no real
rib exists at this position one ‘rib point’ is inserted. A rib point represents a rib hav-
ing zero length and no orientation. This rib point is later extended to the leading and
trailing edge, similar to all other ribs.

ribs due to kinks

real ribs (user defined)

\ root rib

landing gear support rib (user defined)

tip rib

ribs due to TED border

Fig. 3.10: Virtual and real ribs, to be placed on the wing planform.
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merged ribs (rib at kink, real
rib and rib due to TED border)

merged ribs (wing box rib and
landing gear support rib)

continued ribs

ribs due to element size

crossing ribs

surfaces that are deleted before FE
model is generated (lower skin)

Fig. 3.11: Final rib and spar layout after knowledge-based segmentation process is completed.

o Virtual ribs at the beginning, ending and kinks of spars: At every position, where a
spar has a definition point, a spanwise mesh border is needed. If this rib does not al-
ready exist, a rib point is inserted.

o Virtual ribs at flap track attachments: Most flap tracks are attached to the rear spar
of the wing. At these positions, keypoints on the rear spar are required. Therefore, rib
points are inserted there, if no rib already exists nearby.

Similar to the chordwise segmentation process, the ribs and rib points are extended to the
leading and trailing edge (red lines in Fig. 3.11). The orientation of the extension of the ribs is
determined with respect to the orientation of the neighboring ribs. Using this approach, a good
FE mesh quality is ensured. During the extension process, ELWIS always tries to merge ribs
that are defined at different chordwise locations or that lie on top of one another. Ribs are al-
ways merged, if this leads to a higher FE mesh quality. Two examples of merged ribs are shown
in Fig. 3.11. In case of coinciding rib definitions, double keypoints are detected and deleted au-
tomatically.

In case of crossing ribs, a spar has to match the crossing point. This is mandatory in order to
get a structured grid, which is the aim of the whole segmentation process. As an FE specialist
would do, the three possible options to solve this issue are checked by ELWIS. If the crossing
point is very close to a real spar, the crossing point is moved slightly on the spar to ensure a
good FE mesh quality. If no spar exists near to the crossing point, ELWIS checks if a neighbor-
ing virtual spar can be moved to the crossing point. If this is not possible, a new virtual spar is
inserted, matching the rib crossing point.

After all ribs are extended to the leading and trailing edge, the last task of an FE specialist
would be to ensure the spanwise mesh size. Therefore, ELWIS automatically inserts virtual ribs
to match the demanded element size. Due to namespace reasons, ELWIS generates wing models
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with a maximum of 99 ribs and spars. It is easily possible to extend the namespace to 999 ribs
and spars. However, as these FE models would require significantly more working memory, the
limit is set to 99. If a finer model is demanded by the user, ELWIS modifies the input for the
FE meshing in ANSYS. Instead of one element on each segment more elements are generated to
match the demanded element size. As can be seen in Fig. 3.12, this higher number of spanwise
elements is only applied to the load-carrying structure (wing box) and not to the non-load-
carrying elements of the fixed leading and trailing edge. These elements are only used for the
load application and do not contribute to the stiffness of the wing. Therefore, more elements
would not lead to a better structural representation of the reality but would increase the com-
putational effort.

3-Dimensional Geometry

After the knowledge-based 2-dimensional
segmentation process on the wing planform,
this mesh is projected on the upper and lower
aerodynamic surfaces to obtain the FE mesh
of the upper and lower skin. After the key-
points on both skins are computed, an addi-
tional layer of keypoints between the two

skins is generated. These keypoints are used

for the generation of real ribs and spars and as  Fig. 3.12: Different element size on wing box
and fixed leading respectively trailing

attachment points for additional structures, 4
edge.

such as flap tracks or the engine pylon.

Based on the keypoints, the whole FE model is constructed by an automated process. First,
the keypoints are connected with lines, which are used for the generation of surface areas. Next,
all areas are meshed, based on the element division that has been computed by the ELWIS
model generator. Straight lines are used to connect the keypoints. But for high fidelity analysis,
a very fine mesh might be needed. For such meshes, the lines along the ribs can optionally be
generated as splines to ensure a smooth surface. For the lines along the spars, splines are not
needed, as the surface curvature along spars is much smaller than along the ribs. The dynamic
bird strike analysis of flaps generated by ELWIS is an application example of such high fidelity
models [123].

The computation of skin keypoints of component segments is performed as follows: First, the
normal vector of the planform is computed for each grid point, which is followed by a rotation
of these vectors according to the rotation of the corresponding ribs and spars. Next, the inter-
section point of this vector and the elements of the outer shape definition are computed. To in-
crease the processing speed, a smart function is implemented that estimates which elements of
the outer shape definition might be crossed by the vector. Only the crossing points with these
elements are computed. This is followed by a check if the estimate was true. If the estimate was
wrong, the estimation and the crossing point computation are repeated, based on the new in-
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Fig. 3.13: Knowledge-based generation of TED and spoiler air-
foils, based on parent’s geometry. The black dots represent
the control points.

nary aircraft design. However,
for the generation of the FE
model these airfoils are manda-
tory. Therefore, an approach is implemented in ELWIS that is derived from the approach an
aircraft designer would choose for the estimation of the movables’ airfoils. These estimated air-
foils will not be optimized airfoils, but a good first estimate close to the final airfoil, having simi-
lar structural properties.

The airfoils of spoilers and trailing edge devices are strongly dependent on their parents’ air-
foil, as the movable structures and their parents partly share their outer contour. Therefore, the
skin keypoints of the movable structures are computed with the outer shape of their parent first.
In a second step, these keypoints are scaled in height direction to their final coordinates. This
process and the scaling functions are shown in Fig. 3.13. The black dots are used to control the
scaling functions. These control points can optionally be specified by the user. If they are not
specified, ELWIS will use default values for spoilers, ailerons and flaps. These values are derived
from a statistical analysis of existing state-of-the-art aircraft. For flaps and ailerons, the scaling
function is constructed from two ellipses. The scaling function for the spoiler applies only at the
lower skin and is constructed from two straight lines. An exemplary wing including flaps and
spoilers is shown in Fig. 3.14.

Fig. 3.14: Wing assembly after knowledge-based segmentation process, consisting of 12 lifting surfaces:
the main wing, the upper and lower winglet, the aileron, a single slotted flap, a double slotted
flap and five spoilers.
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Element Properties

After the generation of the geometry is performed and the surfaces are meshed, the element
properties of the FE model have to be defined. The structural FE model of the lifting surfaces
consists of beam and shell elements. The theory behind these element types is described in chap-
ters 2.1.2 and 2.1.4.

All material settings are defined in CPACS and translated by ELWIS into the ANSYS APDL
format. The material settings in CPACS are mandatory, as ELWIS never assumes any materi-
als. However, ELWIS does modify material properties, if this is required to ensure correct prop-
erties of the FE model. E.g. the stiffness of the skin material in front of the wing box is reduced,
as this is a non-load-carrying structure on a real aircraft.

The skins are modeled using FE shell elements. The elements have the thickness and the ma-
terial properties according to the CPACS definition. If composite materials are defined, multi-
layer shell elements are used. Stringers are modeled by an additional shell layer in a smeared
representation. This shell layer has the same height as the real stringers and equivalent material
properties. The equivalent material properties are computed so that the stiffness of the skin-
stringer panel is equivalent to a skin-stringer panel with an explicit stringer model.

Ribs and spars are modeled with shell elements, similar to the skin. But as no stringer can be
defined on ribs and spars in CPACS, no additional stringer layer is generated on the shells. The
spar caps are modeled by beam elements along the upper and lower spar-skin intersection. The
rectangular beam elements have the same width and height as specified in the CPACS input
file. In case of composite materials, equivalent material properties are defined for the spar cap
beam.

Intermediate structures (filling structures between upper and lower skin) are modeled with
volume elements, having the material properties specified in CPACS. For state-of-the-art air-
craft, these structures are usually placed in the trailing edge of flaps or within the whole spoiler.

The region of component segments in front of the front spar and behind the rear spar is in-
terpreted as a non-load-carrying structure, as it is the case for all current state-of-the-art pas-
senger aircraft. For flaps, only the part behind the rear spar is assumed not to be load-carrying.
Therefore, the elements in these regions must not add stiffness to the load-carrying structures.
However, these elements are needed for the application of the aerodynamic pressure forces and
this force must be transferred to the wing box. To fulfill these demands, the material properties
of these elements are modified as follows: The stiffness of skin elements is reduced by factor of
100, while thickness and density (and therefore their mass) remain as specified in the CPACS
file. All real ribs in this region are kept unchanged, while all virtual ribs become real support
ribs, having an adequate stiffness, but no mass.

At the areas on the trailing edges, where a movable is applied, real aircraft often have a
beam-based support structure to hold the non-load-carrying skin elements. As described in
chapter 3.3.2, the ELWIS model generator generates these geometries in an automated process,
rather creating the support ribs.
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Assembly of Lifting Surfaces

All component segments are generated separately and independently from each other in
ELWIS. Therefore, no structural connection between two component segments exists. However,
in the example of a wing with winglet (see Fig. 3.14) or an H-tail, different component segments
have to be structurally connected. In CPACS, this connection is defined as a wing-wing-
attachment. If such an attachment is defined, ELWIS generates rigid links between the neigh-
boring keypoints (respectively nodes) of the component segments. The rigid links are generated
between the skins and the spars. Using this approach, even more than two component segments
can be structurally connected at one position.

3.3.2 Knowledge-Based Generation of Additional Structures

Most of the structures attached to the lifting surfaces have a complex structural layout.
These structures are e.g. flap tracks, engine pylons or the wing mounted main landing gear.
They mainly consist of a combination of beam and shell-based components as well as different
kinds of hinges. The manual design of these structures is usually performed by a disciplinary
specialist in a lengthy and complex process. However, such a process is infeasible for the prelim-
inary wing design phase.

The design of these structures is not an unstructured creative task. Instead, it can be seen as
a structured design process, applying a set of engineering rules and taking into account several
requirements, restrictions as well as the experience from previous designs. Such a process can be
described by mathematical rules and implemented in a computer program, aiming for automa-
tion.

To include the additional structures in the WINGmass tool chain, the ELWIS model genera-
tor is equipped with the functionality to automatically generate the design of the additional
structures. Therefore, a set of knowledge-based engineering rules is implemented for each struc-
ture, how this structure is designed. Compared to the surface segmentation process, the
knowledge-based generation of the additional structures goes one step further. Here, the whole
geometry respectively the design and the computational model are generated based on
knowledge rules, while ‘only’ the model is generated automatically during the surface segmenta-

tion process.

The user input required by ELWIS for the automatic geometry generation is kept short and
simple to understand. The main user input consists of the material settings of the different
structural components, as the user should always keep control of the applied materials. For
some structures, ELWIS requires an explicit type variable in order to decide which rules should
be applied. E.g. the kinematic type of the flap tracks has to be defined. For other structures,
such as the engine pylons, the type is derived from the component material settings, as different
types have different components. Finally, the position of the additional structure needs to be de-
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fined by the user. For the example of flap tracks, this is the spanwise position of the track on
the flap in relative flap coordinates.

Tracks and Actuators

All structural connections between a movable and its parent are described in the following
section. These connections are different kinematic types of flap tracks for high-lift devices as
well as hinges and actuators for ailerons and spoilers. In the current version of ELWIS, 13 dif-
ferent types and subtypes of tracks can be generated automatically. The range of tracks that are
implemented represents the most common types of state-of-the-art civil passenger aircraft.

However, some track kinematics of current aircraft cannot be implemented, as there are no
ANSYS elements, that can be used to model these kinematics. It is not possible to model tracks
with a curved flap track, as the ANSYS slider elements that are used for modeling these tracks,
are straight. Such flap tracks are used by e.g. the A310 [78], the B757 [78], the B737 [124] and
the B747 [124]. Flap tracks with curved tracks are well-known for being comparatively heavy,
which is why they are not considered for newly developed aircraft. As the aim of the tool chain
is designing future aircraft, the practical importance of this lack in the chain is negligible.

As shown in Fig. 3.15, most tracks have a massive box-beam structure bearing the carriage,
respectively the hinges. This structure connects the primary structure of the wing with the
movable parts of the flap track. In real flap tracks, this beam is designed either as an I-beam or
more often as a box-beam with internal ribs. The ELWIS model generator models this structure
as box-beam with shell elements. All other smaller beam-like structural elements are modeled
with beam elements. Hinges, joints and bolts are modeled with joint elements, blocking only
these degrees of freedom that are blocked by the real structure. The carriage of the flap tracks is

Carriage

Drive stru
Track fairing
lever
Rear link

Drive lever am

ap  Carriage Output arm Flap actuator

Flap tack link
am

Fig. 3.15: Track kinematics of the Airbus A320 (left) and the Airbus A340 (right) [122].
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constructed of several beam elements, ensuring realistic load paths. It is connected with the
track by slider elements. A slider element contains one node that can freely translate on a
straight track between two other nodes.

The track kinematic is represented realistically. Therefore, the track in the FE model can de-
flect in a non-linear multi body simulation. The actuation load is the input for this computa-
tion. This is used in the structural analysis to generate different solution models, for different
load cases. As is described in chapters 3.3.4 and 3.6.1, the deflection process is also a automated
process, without any user interaction.

Finally several mass points are included in the track model: mass points are created to repre-
sent the mass of the actuators, the hinges and the carriages. Only the load-carrying structure of
the tracks is modeled. Therefore, fairings and their kinematics are not taken into account.

In the following, an overview of the different kinematic types that can be created by ELWIS
is given (see Fig. 3.16):

e Dropped hinge 1: A dropped hinge flap track consists of one simple hinge, similar to
the hinge of an aileron. However, this hinge is shifted below the wing to allow a fowler
motion. The box beam of the track is attached to the rear spar of the parent as well
as to the ribs in front of the rear spar. The rotary actuator is included in the track
and attached at the rear spar of the

1.) Dropped hinge 1

parent in an upside-down position. In
[125] it is indicated that such a kine-
matic will be used for the Airbus
A350.

e Dropped hinge 2: This type is similar
to the dropped hinge 1, but the box
beam is only attached to the rear spar
of the parent, as can be seen in Fig.
3.16. Different non-scientific sources
report consistently that this track kin-
ematic is used for the Boeing B787.

o Link/track mechanism with upside-
down forward link: This type contains
a straight track, where the carriage is
placed on and an upside-down forward
link that is attached to the rear spar
of the parent. The track-beam is at-
tached to the rear spar and the ribs in
front of the rear spar of the parent.

This track type is used for the entire

Airbus A320 family [78]. Fig. 3.16: ELWIS flap track models, after auto-
The specialty of this track type is the mated knowledge-based generation pro-
cess.

integrated functionality of the track
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drive. Usually, the actuator only drives the flap while the deflection path is deter-
mined by the track. At this kinematic, the drive directly affects the deflection path of
the flap (see Fig. 3.15 and Fig. 3.16).

e Link/track mechanism with rear link 1: This track contains a straight track and a rear
link. The deflection path is defined by these two components, while the drive mecha-
nism is only used as pure drive. The rotary actuator of the drive is placed inside the
track beam. This track type is used for the Airbus A330 [78], A340 [78] and A380.

e Link/track mechanism with rear link 2: The kinematics of this type are similar to that
of the previous one. However, the rotary drive is placed at the rear spar, instead of in-
side the track beam.

e 4 par linkage: This kinematic type contains no carriage. It is constructed with one rear
link at the end and a link chain at the front, which is attached to the rear spar of the
parent. Instead of a massive track beam, a framework of several beams is used. As ac-
tuation, a linear actuator that is at-
tached to the framework is used. The
implemented design rules are based on
the track of the Boeing 777 [78|. How-
ever, 4-bar linkages with slightly differ-
ent geometries are also used for the
Boeing B767 78] and the Airbus A321
[78].

e Simple hinge: This simplest track kin-
ematic contains of one hinge on the
hinge line. This hinge is attached to the
front spar of the movable and to the
rear spar of the parent with several
beams. Such hinges are used for ailer-
ons and spoilers.

o Linear actuator: This type contains one
linear actuator that is attached to the Fig. 3.17: ELWIS wing model including flap
rear spar of the parent and the front tracks.
spar of the movable. This type is used
as drive for ailerons and spoilers.

The inner track of the inner flap is usually placed inside the fuselage, instead of being at-
tached to the wing. These tracks allow the same deflection path, but have a different structural
layout due to its different location. As the fuselage is not modeled in ELWIS, no fuselage con-
nection can be realized. In ELWIS, all track types that are used for flaps have a fuselage coun-
terpart. The movable part of the track is equivalently modeled compared to the wing tracks. In-
stead of modeling the fixed part, the joints on the fixed parts are clamped. On real aircraft, the
fuselage track type is not connected by a fixed link to the fuselage. It is attached by several
joints, allowing the fuselage track some movement to adapt itself to the bending wing. Therefore
a weak clamping is generated by ELWIS, allowing the required movement of the track.
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In the following, a description of how the knowledge-based design process is implemented in
ELWIS is given. The approach is inspired by the approach, a high-lift expert would choose. For
a first design, he would use his experience in combination with mathematical computations, to
fulfill the design requirements. The main requirement for flap tracks is the deflection path, re-
spectively the possibility to reach discrete flap positions. The deflection path requirement is
usually derived from aerodynamic analysis of the aircraft in takeoff and landing configuration.
Such analyses are common already in early design stages. In ELWIS, all tracks are generated

with respect to the maximum and minimum deflection position.
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Fig. 3.18: Overview of knowledge-based geometry generation of a flap track (red arrows: dimensions
computed from deflection path; blue dots: hinges).

Each track kinematic can be described by the position of the hinges and the connections be-
tween the hinges. However, even if the track kinematic and the two flap deflection positions are
given, usually several different kinematic solutions exit, which fulfill the requirements. There-
fore, in a first step the number of independent variables has to be reduced, until only one possi-
ble solution exists. An engineer would use his experience of past designs to do this. In ELWIS,
this experience is implemented by mathematical rules, based on existing designs. Therefore, sev-
eral dimensions of the track are defined with respect to one reference length. Analysis on exist-
ing aircraft showed that the track geometry nicely scales with the flap chord. As all tracks of
one flap need to have the same reference length, the mean flap chord is chosen. In Fig. 3.18 an
example is shown, how the track geometry can be described by using the reference length L and
one predefined angle. The red arrows show five parameters that are still missing, but they can

be computed from the flap deflection:

o The three slider coordinates are defined by the middle point of the carriage in deflect-
ed and retracted position.

o As the angle between the flap link arm and the horizontal line is predefined, the two
coordinates in Fig. 3.18 can be reduced to the length of the flap link arm. Only one
length of the flap link arm exists, where the required length of the drive lever is the

same in the deflected and retracted position.
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Dependent on the track positions and the aerodynamic design of the wing, different tracks on
the same flap carry different loads. Therefore the geometry of the tracks on one flap differs
slightly at real aircraft, although all tracks have the same kinematics and provide the same de-
flection path. As the loads of the tracks are not known during the geometry generation at the
beginning, this cannot be covered by ELWIS. However, if the user expects a track to be high
loaded, he can use the optional parameter kg.q. to scale the height of the track beam on all
tracks that apply a box beam design (see Fig. 3.18). This parameter can also be used for a ge-
ometry optimization of the track.

As the wings in CPACS can have a general shape including sweep and dihedral, the two di-
mensional view in Fig. 3.18 is insufficient. To take the dihedral into account, the whole track is
generated with respect to a reference plane that is rotated around the aircraft length-axis. The
rotation angle is defined by the hinge line that goes from the root to the tip of the flap. This en-
sures that all flap tracks are generated on parallel planes, which is crucial for their functionality.
The sweep has to be taken into account in the orientation of the hinges (blue dots in Fig. 3.18),
which is not a trivial task. E.g. in Fig. 3.18, the flap moves back on a line in flight direction on
the sliders that are placed within the reference plane. But at the same time, the flap rotates
around the hinge on the carriage. The orientation of this hinge is defined by a line between the
current position of this hinge and the current position of its counterpart on the neighboring
track. Therefore, the rotation is out of the reference plane. This complex movement has to be
taken into account in the computation of the exact orientation of the drive mechanism. In gen-
eral, the orientation of all hinges related to the movable part of the track have to be modified
with respect to the 3D position of the other tracks of the flap. In contrast, the hinges that at-
tach the track on the parent are independent from the sweep.

Engine Pylons

The engine pylon connects the engine to the wing. The procedure of designing a pylon is per-
formed step by step and each step can be described by a set of design rules. These rules are im-
plemented in ELWIS and are derived from the approach an engine pylon specialist would choose

in a manual design process.

As can be seen in Fig. 3.19, the pylons consist of one massive shell-based box structure, at-
tached to the engine and the wing. By an analysis of state-of-the-art aircraft, two construction
principles for engine-to-pylon connections and two for the pylon-to-wing connections can be
identified. From the two times two design principles, four different possible pylon designs result.
These four designs can be generated by the ELWIS model generator. The two different pylon-to-
wing attachments are:

o Fig. 319 (a) and (b): The pylon is attached to the front spar of the wing with two
shackles and one spigot fitting. Between the forward and the rear wing attachment,
the pylon has a box beam design, attached to the two load-carrying wing ribs with a
triangular shackle at the rear. This principle is e.g. used for Airbus aircraft [126].
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e Fig. 319 (c) and (d): The forward pylon attachment is at the front spar of the wing
with two joints and two upper links. The rear attachment to the load introduction

ribs is implemented by a drag strut. This principle is e.g. used for Boeing aircraft
[126].

The two different engine-to-pylon attachments are:

o Fig. 319 (a) and (c): The pylon is attached to the engine by bolts. The forward bolts
are located at the rear end of the inner side of the fan casing and the rear bolts are lo-
cated close to the turbine stages. This principle is e.g. used for Airbus aircraft [126].

e Fig. 3.19 (b) and (d): The pylon is attached to the engine by bolts at the outer side of
the fan casing at the front and bolts close to the turbine stages. These bolts are ori-
ented in flight direction and are not carrying the engine thrust force. The thrust force
is carried by two tangent links at the side of the engine. This principle is e.g. used for
Boeing aircraft [126].
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Fig. 3.19: Engine pylon types that can be generated by ELWIS. Black dots indicate connection
hinges to the engine (CFM56 cutaway from [127]).

ELWIS determines the pylon type from the user-given material properties. In CPACS, one
set of material properties can be defined for each component of the pylon. For example if the
material settings for the drag strut and the tangent links are given, a pylon of the type (d) in
Fig. 3.19 is generated. After the type is determined, the corresponding engineering design rules
are applied and the pylon model is generated. Beside the material settings, ELWIS is using the
wing and engine geometry as well as the position of the engine to generate the pylon model.

The pylon box is modeled with shell elements, while all other components are modeled with
beam elements. All bolts and the spigot fitting are modeled with joint elements, blocking the
corresponding degrees of freedom. The aerodynamic fairings are not modeled, as they are not
load-carrying. In addition, no aerodynamic loads should be applied on the pylon in the WING-
mass tool chain, wherefore there is no need to model the fairings. The engine itself is modeled as
point mass, connected via rigid links to the bolts of the engine pylon. This point mass is used to
apply the engine thrust force in the structural analysis.
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Landing Gears

The main landing gear (MLG) of state-of-the-art passenger aircraft is attached to the wing.
Therefore, additional loads are transferred to the wing that have to be considered for the sizing
of the wing structure. Similar to the already mentioned additional structures, the generation of
the MLG is performed automatically by the ELWIS model generator. The MLG module was
developed by Klatt [128] under the supervision of the author. The details of the module are ex-
plained in [128]. Therefore only a short overview of the different kinematic types is given. There
are three different options, how the landing gear can be attached to the wing:

o Attachment using a rear support beam (Fig. 3.20 (a) and (d)): If a rear support beam
should be used, it is automatically created as a double-T beam. The MLG is attached
to the rear support beam and the rear spar. As no fuselage is modeled, the inner end
of the rear support beam is clamped.

o MLG is attached to one spar (Fig. 3.20 (b) and (e)): If the MLG is placed in front of
or behind a real spar, a shell-based structure, similar to the landing gear support spar
and rib, is created automatically. The pintle-strut is connected with beam elements to

the spar and the created shell structure.
o MLG is attached to two spars (Fig. 3.20 (c) and (f)): In this case the pintle-strut of
the landing gear is connected with beam elements to both spars.

MLG suport

Fig. 3.20: Examples of MLGs that can be generated by ELWIS.

Independent from the wing attachment type, the MLG can be created either with one side
strut and a drag strut (Fig. 3.20 (a) - (c¢)) or with two side struts and no drag struts (Fig. 3.20
(d) — (f)). The first possibility is traditionally preferred by Airbus, while the second one is used
at several Boeing aircraft as well as the A350. The boogie and the axles are created automatical-
ly with respect to the user-defined number of wheels. The number of wheels is independent from
the other components of the MLG.
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The MLG is generated in extended position. But as ELWIS creates ANSYS multi-body mod-
els, including joints and actuators, the landing gear can retract, dependent on the load case. On
real aircraft, landing gears in retracted position are not held by the landing gear actuator. In-
stead, the lower end of the main strut snaps in a hook, which holds the landing gear during
flight. The hook is attached to the fuselage. This is handled in the WINGmass chain by clamp-
ing the corresponding node of the main strut, if the landing gear is retracted.

Fixed Trailing Edge Support Structure

As mentioned in chapter 3.3.1, the stiffness of
the skin elements between the rear spar and a
movable is reduced by a factor of 100. To avoid
unrealistic deformations and to transfer the aero-
dynamic load on these elements to the rear spar,
a so called fixed trailing edge support structure is

generated by ELWIS. This structure is only gen-
erated at positions where a flap or a spoiler is

Fig. 3.21: Automatic generated fixed trailing
placed. Otherwise additional ribs are used to edge support structure.

transfer the loads to the rear spar. As it can be

seen in Fig. 3.21, this structure is constructed from beam elements and is created at each virtual
and real rib station. Similar designs are used at current state-of-the-art aircraft. The generation
of the support structure is implemented by engineering rules, wherefore the material settings are
the only required user inputs.

Wing-Fuselage Attachment

Although the fuselage is not part of the presented tool chain, the structural connection has to
be considered to ensure realistic load paths. For conventional low-wing configurations, no addi-
tional structural components are needed. The wing can be clamped along the symmetry plane
and at the root rib. However for high-wing configurations and tails, the wing-fuselage connection
is usually realized by several bolts, respectively the trim actuator of the HTP. ELWIS connects
the bolts respectively the trim actuator to the wing box by a beam-based structure. If the user
specifies the trim actuator in CPACS, ELWIS models the actuator similar to the linear actuator
of an aileron. This means, that the HTP can be deflected according to the load case description
like a flap or an aileron.

In CPACS, the positions and orientations of these bolts can be defined. The geometry of the
attachment of the bolts on the wing is computed by applying mathematical rules. ELWIS
checks the position of the bolts relative to the skins, ribs and spars of the wing. Dependent on
this relative position, the beam-based attachment structure between the bolts and the next spar,
rib or skin is generated. The bolt itself is modeled as a hinge, connecting the attachment struc-
ture on the one side and a clamped node on the other side. In case of a trim actuator, the actua-
tor is clamped on the fuselage side and connected with a joint to the attachment structure.
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In Fig. 3.22, an example of a HTP including
the wing-fuselage attachment structure is shown.
Behind the rear spar, two hinges are attached to
the rear spar — one on each side. On a real air-
craft, these hinges are connected with the fuselage
structure. In front of the front spar, one attach-
ment is generated in the middle of the HTP, on
which the trim actuator is placed.

The described modeling approach is very user-

friendly and flexible. For a continuous wing-

fusel ttach t at low-wi fi ti
Fig. 3.22: HTP including wing-fuselage at- Uselage attaciient ab fow=witg  CONUSUIations,

tachment (trim actuator is displaced
as line). other attachments, the attachment positions and

the user has to define only the root rib. For all

the material properties of the beam structure
have to be defined in addition. The whole geometry of the attachment structure is computed
automatically by ELWIS. Using this modeling approach, the attachment structure of VTPs,
HTPs or high wing configurations can be generated by the ELWIS model generator.

Interconnection Struts

As shown in Fig. 3.23, the interconnection strut is a structural connection between two
neighboring flaps. Under normal condition, no load is carried by the strut. But in case of a bro-
ken actuator, the strut acts as second load path. In place of the actuator, the load is taken over
by the neighbor flap. To allow the normal relative deflection between the two flaps during the
flap extension, the interconnection strut is designed as hydraulic cylinder, allowing a certain free
movement. If the actuator breaks, the allowed deflection is exceeded and the interconnection
strut blocks.

The mass of the strut is not relevant for the purpose of wing mass estimation. However, the
described load cases are critical load cases for the flap bodies and the flap tracks, wherefore they
have to be considered in the WINGmass tool chain. Therefore, the interconnection strut is in-
cluded in the finite element model.

Cruise roller

The analysis type of the structural i v
analysis in the sizing routine is linear '

static. Therefore, a model representation

of the strut, allowing a certain free
movement between two borders is not ex-

pedient, although it would be possible in
ANSYS. It is decided to model the strut \ . . Guter fsip \

in the blocked position as rigid beam. To

avoid, that the strut takes over loads in  Fig. 3.23: Sketch of two coupled flaps including cruise

non-failor load cases, the strut is automat- roller, z-coupling and interconnection strut.



68 3 IMPLEMENTATION

ically deleted by the sizing algorithm for these load cases (see chapter 3.6).

For the generation of the strut, the user has to define the positions of the two hinges and the
material settings of the attachments. The geometry of the attachments is generated automati-
cally by ELWIS with beam elements. Therefore, engineering design rules are implemented, how
the attachments on the flap ribs and spars have to be designed.

Z-couplings

Some aircraft are fitted with so called Z-couplings (see Fig. 3.23). Z-couplings couple two
neighboring flaps in height direction, but not chordwise or spanwise. As the middle joint of the
Z-coupling is a spherical joint, the rotational degrees of freedom are not blocked. These cou-
plings are installed for static reasons and to prevent structural damage through counter wise vi-
brations of the flap ends. Their weight is unimportant for the purpose of wing mass estimation,
but as they influence the deflection of the flaps under aerodynamic loads, they have to be mod-
eled for a realistic representation.

Similar to the interconnection strut, the user has to define the attachment positions as well as
the materials. Based on this data and the flap geometries, the Z-coupling is generated by
ELWIS based on implemented engineering rules. The coupling is modeled by a combination of
beam and joint elements.

Cruise Roller/Midspan-Stops

During flight phases with retracted flaps, the bending lines of the wing and the flaps are only
linked at the flap tracks. Due to different loads and stiffness, the spanwise bending curve can
differ between the tracks or at the end of the flap. For a good aerodynamic performance, the
bending curves have to be very similar during cruise flight. Therefore, so called cruise roller re-
spectively midspan-stops are installed at some aircraft.

These components consist of a small roll, which is installed at the leading edge of the flap (see
Fig. 3.23) and a small track, attached to the rear spar of the wing. In retracted position, the roll
drives on the track, which blocks the deflection of the flap in height direction. This modifies the
bending line of the flap and makes it very similar to the wing bending line.

ELWIS models the cruise roller with several beam elements that are attached to the front
spar of the flap and the rear spar of the wing. The roller/track construction is modeled by a
special kind of hinge that only blocks the height degree of freedom. In CPACS, the user has to
define the position of the cruise roller and the materials of the attachments.

3.3.3 Model Optimization Settings

The sizing of the finite element model is performed separately for each element in a first step.

In a second step, several elements are combined to sizing/optimization regions, where the com-
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puted values (e.g. thickness) are made equal for all elements. This approach takes weight in-
creases due to manufacturing reasons into account. In addition, it leads to a better convergence
behavior of the sizing algorithm. The optimization regions are also used to specify different siz-
ing parameters for different regions. E.g. the minimum thickness, the safety factor or the sizing
criteria might be different for different parts of the wing.

These regions have to be specified before the sizing starts. In a manual process, the FE spe-
cialist would select the elements, combine them and specify the sizing parameters for each re-
gion. Depending on the sizing algorithm, often more than 20 sizing parameter have to be speci-
fied for each region. This manual process is time consuming and tedious and therefore error-
prone, as the rules that are applied are usually very simple. Such a rule for the segmentation
process can e.g. be “one new optimization region after each rib/spar/skin intersection” (see Fig.
3.24). The set of sizing parameters is often the same for all optimization regions on e.g. the up-
per skin. Therefore, this process is well suited to be automated by a knowledge-based process,
which is implemented in a computer program.

Fig. 3.24: Automatic generated optimization regions on a finite element wing model.

In the WINGmass tool chain, this process is implemented in the ELWIS model generator.
The optimization parameters can be specified in the tool specific part of the CPACS definition
on a global point of view for the whole wing. But it is also possible, to go deeper in detail and
specify part specific optimization parameters on different levels of detail. Parameters that are
not given are set by ELWIS with proper values. For the segmentation for the stress sizing on
lifting surfaces, currently four different options are implemented in ELWIS:

e No optimization and therefore no sizing areas.

e One sizing area between each rib and each spar.

e One sizing area between each rib and the front and rear spar.

e One sizing area for the whole upper and lower skin, each spar and each rib is one siz-
ing region.
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Usually, each rib is a separate sizing region in all cases. However, the root rib is used to
clamp the wing. Therefore the loads on the root rib are unrealistic which would result in unreal-
istic sizing results. Therefore, the root rib and its inner neighboring rib are combined to one siz-
ing group, which results in more realistic thickness results for the root rib. This coupling of the
two ribs is only performed, if the wing should not be used together with a fuselage, as there is
no clamping on the wing in this case.

In the case of flaps, the fixed leading edge is load-carrying, wherefore also optimization re-
gions are generated there. An example for the second segmentation option is shown in Fig. 3.24.
This wing includes one mid spar in the inner part and merging ribs at the end of the mid spar.

For the additional structures, three options for the sizing groups are implemented:

e No optimization and therefore no sizing areas.

e One sizing area for each area (shells) or line (beams).

e One sizing area for similar areas or lines, e.g. the sidewalls of the box beam structure
of the track in one optimization region.

Beside the stress optimization regions, the sizing algorithm S BOT+ needs regions for the
buckling /stability as well as for the stringer sizing. The buckling regions are defined by the
physics of the wing. Therefore, they are generated automatically, without any user-defined op-
tions. For the stringer sizing regions, currently one option is implemented. Each region, where a
set of stringers is defined, is one stringer optimization region. For example if only one stringer
set is defined for the whole upper skin, all stringers will be sized together, but if different sets
are defined in spanwise or chordwise direction, each set will be sized separately.

3.3.4 Rigid Body and Deflection Templates

As it will be described in chapter 3.6, one separate solution model is generated in S BOT-+
for each deflection case. A deflection case represents one set of movable and landing gear set-
tings. For example one deflection case might be the cruise case with all flaps and the landing
gear retracted. Another case would be the approach case with all flaps in landing configuration
and extended landing gear. To enable S BOT+ to move the movable structures and the land-
ing gear, two additional ANSYS APDL files are generated.

The deflection is performed by a non-linear multi-body simulation in ANSYS, which is nu-
merically expensive. To reduce the numerical effort, the elements from each movable lifting sur-
face are replaced by one rigid body element. In addition, all component segments and unrelated
additional structures are deselected during the solution process. Therefore, only the elements of
interest (such as the flap tracks) are remaining, which leads to a more efficient computation.
The first additional input file contains all commands that are needed to generate these rigid
bodies.

The second additional input file contains all commands that are required for the deflection
process itself. The commands in this file deflect the movable structures with respect to a prede-
fined relative deflection parameter for each movable respectively the landing gear. This relative
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deflection is derived from the load case description by S BOT+ and has a value between zero
and plus one for flaps, spoilers and landing gears, respectively a value between minus one and
plus one for ailerons.

3.4 Aerodynamic Loads

The aerodynamic pressure loads are computed using the freeware code AVL (Athena Vortex
Lattice) [94]. AVL was developed by Joungren and Drela from the Massachusetts Institute of
Technology (MIT) since 1988 and is used in many preliminary aircraft design projects. AVL is
based on the vortex-lattice theory, which is derived in chapter 2.1.1.

The model generator ELWIS generates one AVL geometry input file for each load case, as the
Mach number or the flap deflection. Therefore the AVL geometry can differ for each load case.
The computational time for loading a geometry file is negligible, wherefore no disadvantage ap-
pears, if several load cases have the same geometry file.

The AVL computations are controlled by the module AVLloads. AVLloads runs all AVL
computations, interpolates the resulting pressure distribution on the structural grid and writes
the pressure loads output file. If the wing deflection from a prior structural analysis exits,
AVLloads modifies the geometry input file accordingly.

As it is shown in chapter 4.1, a very dense mesh of vortexes is needed for the application of
load estimation on high-lift configurations. However, the freeware version of AVL has a low
number of maximum vortex elements, wherefore a modified version of AVL is used. The modifi-
cations where performed by Moerland [129]. In detail, he increased the maximum number of el-
ements, wings and strips until the maximum possible number according to FORTRAN limita-
tions was reached.

3.4.1 Model Generation

The vortex elements of a vortex-lattice mesh are arranged in a structured mesh, which is gen-
erated by the ELWIS model generator for each load case. The AVL model can contain all wings
and fuselages, which are defined in CPACS. The full CPACS flexibility in terms of wing geome-
try can be handled by the ELWIS model generator. Therefore, also complex wing structures,
such as splitting wings, can be generated. The wings include an explicit representation of the
flaps and slats. Their chordwise deflection (fowler motion) as well as their change in angle of at-
tack is represented in the model. Therefore, the vortex elements that represent the flaps are
moved in x-direction according to the fowler motion. The deflected angle of attack of the flaps
and slats is modeled by a rotation of the normal vector of the vortex element. According to
Werner-Spatz [130] and Werner-Spatz et al. [131], this modeling approach leads to the best re-
sults.
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The program functions in ELWIS that are used for the vortex-lattice mesh generation are the
same as used for the structural models, which is described in chapter 3.3.1. Only the input of
the functions differs, as different kinds of ribs and spars are used to generate the vortex-lattice
mesh.

In the structural model, all ribs and spars are generated between the leading edge (& = 0) and
the trailing edge (§ = 1) of the wing. But due to the chordwise deflection of the flaps and slats,
vortex elements (and therefore ribs and spars) in front of the leading and behind the trailing
edge are needed. Therefore, the planform is extended in chordwise direction by the introduction
of additional spars at & = -1 and & = 2 (see Fig. 3.25 (a)). This approach virtually extents the
planform of the wing wherefore the mesh generating function believes that there is a larger plan-
form. In the next step, all needed ribs and spars are inserted in the model. For the vortex-lattice
model, ribs are inserted at the root, the tip, the kinks and the spanwise borders of leading and
trailing edge devices. In addition to the spars at the leading and trailing edge of the component
segments, spars are introduced along the leading and trailing edge of the movable structures in

deflected position, according the load case description. Such a rib and spar layout is shown in
Fig. 3.25 (a).

Modeling the translation of the leading edge devices (LEDs) in the aerodynamic computation,
while not modeling them in the structural model, leads to issues in the interpolation of the load
on the structural grid, as both wing planforms do not fit together. Therefore, the translation in
x-direction of the LEDs is currently not used, unless the LEDs are also included in the structur-
al model. Tests showed that this has a negligible effect on the load distribution on the wing.

The sequence of model generation of the vortex-lattice model is the same as for the structural
model: first all ribs and spars are introduced. Next ribs and spars are extended to the root/tip
respectively leading and trailing edge and merged if possible. No ribs and spars are inserted due

(@) (b)

}wing extension to & = -1

— —t

mainé kinks— extended slat
wing
geometry
1
| | -
L——= wing extension to £ = 2

Fig. 3.25: (a) Ribs and spars for the generation of a vortex-lattice structured mesh; (b) different wings
of the AVL geometry definition.



3 IMPLEMENTATION 73

to the element size, as the element size in chord and spanwise direction can be defined in AVL
for each segment. The element size can either be specified by the user or is set by ELWIS.

In AVL, all spanwise element borders (= ribs) have to be aligned exactly in flight direction.
However, skew airfoils or movable borders can be defined in CPACS. Therefore, ELWIS needs
to translate this CPACS definition as good as possible in the AVL geometry. ELWIS does this
in three different ways: In case of skew profiles at the root or tip, a straight root/tip rib having
the original leading edge position is used. In case of skew profiles within the wing, two ribs in
flight direction are inserted — one at the leading and one at the trailing edge point of the skew
rib. This approach ensures an exact planform representation. In case of skew movable structures
definition, the spanwise position of the movable structures’ leading edge is chosen.

On some configurations, two ribs might be placed extremely close to each other, e.g. if the
spanwise border of the flap is very close to a kink in the wing. At this position, very small ele-
ments would appear which would lead to poor results due to numerical effects. Therefore, these
‘double’ ribs are detected and merged to one rib. To avoid too small elements in chordwise di-
rection, a check is performed prior to the spar placement.

Unfortunately, it is not possible to directly define such complex wings in AVL. In AVL, no
steps in the leading or trailing edge of a wing can be defined and only one profile can be defined
at each station. However, ELWIS wings have steps along the leading and trailing edge. Addi-
tionally, different airfoils have to be placed at one spanwise position at the inner and outer bor-
ders of flaps and slats. Therefore, ELWIS splits the wing in several sub-wings that are defined
as independent wings in AVL (see Fig. 3.25 (b)). ELWIS always tries to define as few sub-wings
as possible, because the number of wings is still limited in AVL. Therefore, ELWIS tries to
combine as most spanwise segments as possible to one wing (see Fig. 3.25 (b)).

The wing generation process, described above, is performed separately for each component
segment including its movable structures. However, in CPACS a wing can be constructed from
several component segments that are attached to each other. Therefore, these different compo-
nent segments have to be combined and it has to be ensured that the vortex elements of all
component segments are matching each other at their borders. ELWIS combines the component
segments by adding additional spars where it is necessary and equalizes the chordwise element
distribution of neighboring component segments. As an example, a wing including winglet is
shown in Fig. 3.26. Here, a new spar is inserted on the main wing at the position of the leading
edge of the winglet, in order to ensure an exact element matching. As different component seg-
ments can be defined independently in CPACS, the matching position of two neighboring com-
ponent segments is often not exact. ELWIS checks these positions and places the border ribs of
the component segments on exactly the same coordinates.
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user defined unslotted aileron

vortex size

intersecting wings possible
(e.g. winglets, box wings,
strut braced wings, T-tails)

exact element matching
at intersecting wings
and movables
(also for poor CPACS def.)

multi-slotted
fowler flaps

Fig. 3.26: Vortex-lattice mesh of a wing including multi-slotted flap and winglet.

Finally, it has to be mentioned, that the ELWIS model generator can also generate fuselages
in AVL. In AVL the fuselage is modeled by sources and sinks. AVL only needs the side view of
the fuselage as input, which is computed by ELWIS from the CPACS definition. However, tests
showed, that the modeling of fuselages in AVL usually has a negligible influence on the load dis-
tribution of the wing. Therefore, this functionality is not used and not further mentioned in this
study.

3.4.2 Static Aeroelastic Loop

The loads computation in the WINGmass tool chain is used in a static aeroelastic loop.
Therefore, the AVL geometry has to be modified according to the results of the structural anal-

ysis.

Prior to the aerodynamic loads computation of each load case, the routine AVLloads checks,
if a structural displacement field is available. If yes, this displacement field is loaded. From the
absolute displacement of all nodes of the finite element model, the spanwise displacement distri-
bution of the front spar and the rear spar from all lifting surfaces is extracted. From these dis-
tributions, the displacement on the leading edge as well as the spanwise twist distribution is

computed.

Next, the AVL geometry model is modified accordingly. In AVL, a wing is defined by the
three dimensional leading edge positions and the twist of the airfoils. Therefore, only these two
values are modified for each defined airfoil.
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3.4.3 Loads Interpolation

After the aerodynamic analysis of AVL, the pressure distribution is interpolated on the struc-
tural ANSYS grid by the AVLloads module. The most detailed output from AVL is the delta
pressure of each vortex element. However, for the structural model, the absolute pressure values
on the upper and the lower skin are needed. Therefore, the delta pressure from AVL is split in
two pressure values — one for the upper and one for the lower skin. The split for deflected trail-
ing edge devices is 50% upper and 50% lower skin, while all other surfaces have 80% of the pres-
sure load on the upper and 20% on the lower skin. However, the exact numbers of this split
have no influence on the sizing, as the local pressure force is irrelevant. For the wing load, only
the chordwise and spanwise pressure distribution is important, which is not affected by the split
between the upper and lower skin.

Compared to the chordwise slope of the pressure distribution, the AVL mesh is relatively
coarse. This is due to the pressure peak at the leading edge of each wing, which leads to high
gradients between two neighboring elements (see Fig. 3.27). Additionally, the structural mesh
might also be coarse at the leading edge, as these elements are unimportant for the structural
computation of the wing, wherefore no fine mesh is needed. These coarse meshes and the high
gradient of the pressure distribution can lead to an increasing interpolation error. To avoid this
error, the interpolation is performed in several steps, as is described in the following. The inter-
polation is performed separately for each lifting surface:

e Initially one delta pressure value is given at the center of each vortex, which is in the
middle of the 25% line of each element.

e For each strip, the delta pressure is interpolated on a higher resolution grid (ten times
higher than original mesh).

o The delta pressure value at the leading and the trailing edge of the strip is set to zero,
as it is at real aircraft.

e A correction is applied, to make the total lift of each strip equivalent prior and after
the interpolation.

e A correction is applied, to make the chordwise center of lift of each strip equivalent
prior and after the interpolation.

e The delta pressure is interpolated on the spanwise element borders of the vortex-

lattice mesh.

Fig. 3.27: (a) Delta pressure distribution on aerodynamic mesh; (b) pressure distribution on structural
mesh. Red equals high pressure/delta pressure values, blue low values.
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e The pressure is interpolated on a structural mesh, with ten times higher chordwise
resolution.

e The pressure is summed up on each structural element.

e A correction is applied to make the total lift equivalent to the original lift of the vor-
tex-lattice model.

The magnitude of the last correction is usually smaller than 0.5%, which shows the high accu-
racy of the total interpolation procedure. After the load is interpolated on the structural grid,
one APDL file for each load case, containing the pressure load, is generated by AVLloads. In
this file, one constant pressure value is defined on each skin surface.

3.5 Fuel, Landing Gear and Engine Loads

Besides the aerodynamic loads, the loads of the fuel inside the wing, the landing gears that
are attached to the wing and the engine thrust loads are considered in the WINGmass tool
chain. Compared to the aerodynamic loads, these loads are smaller, but still relevant for the to-
tal wing load and therefore for the sizing of the wing. As they are smaller, they are named sec-
ondary loads in this study.

No tools have been available for the computation of these loads. Therefore, the new tool
ESEL (finite Element SEcondary Loads) is developed. The input for ESEL is also generated by
the ELWIS multi-model generator. In the following three subchapters, an overview over the
computation of the three loads, their needed inputs form CPACS and the model generation in
ELWIS is given.

3.5.1 Fuel Loads

ESEL computes the detailed distribution of the fuel in the wing. Therefore, the pressure force
of the fuel on each skin, rib or spar element that is part of the fuel tank border is computed. Fi-
nally this fuel pressure load is transformed in an ANSYS APDL file, which can be read by the
structural analysis and sizing algorithm.

The definition of wing fuel tanks in CPACS is a list of the bordering ribs and spars. The fuel
tank is located between the upper and lower skin as well as the ribs and spars of this list. This
is a very user-friendly approach, as only the links to the ribs and spars have to be defined and
not parameters, like the spanwise or chordwise coordinates. This approach ensures, that the fuel
tank definition is still valid, if e.g. the wing’s outer shape or the internal structural layout is
modified in a parameter study. The fuel tank adopts itself automatically on the new design. By
using this definition, also tanks having more than four borders can be defined in a simple way.
Such fuel tanks are e.g. shown in Fig. 3.29, where the tank layout of the Airbus A330/340 is de-
picted.
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Fig. 3.28: Filling curve of a fuel tank. The dot indi-  Structural mesh and a list of all border are-
cates the fill level the of current load case. as, where the fuel pressure has to be com-

puted.

This is a good example of the advantage of one multi model generator as opposed to several
discipline specific model generators. ELWIS forwards the structural ANSYS mesh to the ESEL
computation, which has two major advantages:

Less implementation and computation time in ELWIS for the computation of a mesh
for ESEL.

No interpolation between the ESEL result and the ANSYS structural mesh is needed,
which saves implementation and computation time and increases the accuracy.

The computation of the fuel load is performed separately for each fuel tank and each load

case. If two fuel pressures are computed on one element, as e.g. on the rib between two fuel

tanks, the two values are added and only the resulting value is written in the output file. The

computation is performed in several steps, which is described in the following:

Rotation of the wing mesh in a way that the resulting acceleration vector is heading
along the negative z-axis.

Computation of the maximal and minimal z-position of the fuel tank.

Division of the z-range in 100 equal distributed steps.

Generation of one z = const. plane for each step.

Computation of the surface area of the cut surface of this planes and the fuel tank.
Multiplication of each surface area with the distance between two planes to get a set
of finite volumes.

Summation of these volumes, which results in the fill curve shown in Fig. 3.28.
Computation of the z-coordinate of the fuel surface from filling curve and the relative
fill level from load case description (point in Fig. 3.28).

Computation of the z-distance between each fuel tank border area and the free surface
of the fuel.
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e Computation of static pressure on each border area, based on the z-distance, the fuel
density and the acceleration.

As the fuel loads are changing due to a bending wing in the static aeroelastic loop, the wing
deformation has to be considered during the fuel loads computation. Therefore, it is checked at
the beginning of the computation, if the displacement field for the current load case is available.
If yes, it is loaded and the displacement of each keypoint is derived from the displacement field
of the nodes. For each keypoint, one coincident node exists. Therefore, no complex interpolation
is needed. Finally, the coordinates of the ESEL input mesh and the displacements are added
which results in the modified mesh for the fuel loads computation.

(a) == (b)

Fig. 3.29: Exemplary fuel distribution (left column) and resulting pressure load (right column) without
(upper row) and with (lower row) static aeroelastic wing deformation. Red equals high pressure
values, blue equals low pressure values.

3.5.2 Engine Loads

The engine thrust is modeled as a force vector, acting on the engine mass point that repre-
sents the engine (see chapter 3.3.2). The engine force is defined in the CPACS load case descrip-
tion by the relative thrust setting. This thrust setting, the flight conditions (height, speed) and
the engine performance map is used to compute the force vector in ELWIS. The needed CPACS
input is read by ELWIS and written in the ESEL input file.

In case of a bending wing in the static aeroelastic loop, the orientation of the thrust vector
changes due to the twist of the wing. If a displacement field of the current load case can be
found by ESEL, the engine thrust vector is rotated correspondingly.
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3.5.3 Landing Gear Loads

The loads on the landing gear can be computed in a straight forward process from the
CPACS load case description. The acceleration and the rotation of the aircraft is given. For
touch down load cases, it is assumed, that the aircraft produces lift which is equivalent to its
weight (= 1g flight) and that the total acceleration is caused by the landing gear. For pure
ground load cases, such as taxiing, it is assumed that no lift is produced and the total accelera-
tion force plus the aircraft weight is carried by the landing gear. From these assumptions, the
total force per landing gear can be computed. The total force per landing gear is distributed
equivalently over all wheels of the landing gear.

The landing gear force is always aligned along the acceleration vector, wherefore the static
aeroelastic deformation of the wing has no influence on the loads computation.

3.6 Structural Analysis and Sizing

The structural analysis and sizing is performed by the program S BOT+ (Sizing roBOT+).
The structural analysis and sizing in S BOT+ is implemented in the ANSYS internal program-
ing language APDL. This has the advantage, that no interfaces between the analysis and the
sizing have to be established (such as in [24]). The tool specific input for S BOT-+ is defined in
CPACS and compiled by the ELWIS multi model generator.

S BOT was originally developed by Nagel [62, 91] in order to size simple wing models based
on different fully stressed design criteria. The further development to S BOT+ that was needed
for the integration in the WINGmass tool chain includes a complete rework of the code, cou-
pling to CPACS, introduction of several new functionalities and new sizing criteria, such as sta-
bility /buckling criteria or gap/angle sizing (see chapter 3.6.3). Currently, S BOT+ is further
developed to be able to size global-FEM (GFEM) models, constructed from ELWIS wing models
and fuselage models from research partners. However, these further developments are beyond
the scope of this study.

3.6.1 Program Workflow Overview

The workflow of S BOT+ can be split in five main components: The model preparation at
the beginning, the structural analysis of all load cases, the sizing of the elements, the update of
the model with the new thicknesses and the output routine. The structural analysis, the sizing
and the model update are looped, until the mass converges or the maximal allowed number of
iterations is reached.

The model preparation part loads the S BOT+ input file first. Next, it is checked, if the
structural FE model already exists in the database folder (from a previous analysis) or if a new
model has to be generated. If new models have to be generated, S BOT+ reads in the geometry
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file, which is created by ELWIS and which contains all APDL commands to create the model.
Next, the model is analyzed and several parameters are initialized.

If an already existing model was loaded, all analysis parameters are cleared and the model
preparation part is finished. For new loaded models, various different solution models are gener-
ated. For each so called deflection case (DC) one separate model is generated, which is later
used for the structural analysis. A DC represents one setting of the wing as e.g. the landing con-
figuration with all flaps extended and extended landing gear. The DCs are derived by ELWIS
from the CPACS load case description.

Model Analysis of all Model

Preparation LCs Sizing Update Output

Iterative loop until mass converges

Fig. 3.30: Workflow overview of S BOT+ structural analysis and sizing routine.

To generate the DC models, all movable structures are fully extended in positive and negative
direction first to track their deflection path. In a next step, the actuation load for each movable
component and each DC is computed from the deflection paths and deflection settings for each
DC. Next, all movable structures are deflected according to the actuation load off each DC. Fi-
nally, unneeded elements are deleted (see chapter 3.6.2) and one separate ANSYS data base file
is saved for each DC.

The last step of the model preparation module is the definition of several parameters and ma-
trixes that are used for the sizing process. Examples for these parameters are matrixes that con-
tain the thickness or material limits of the elements.

In the structural analysis module, all load cases are analyzed. Therefore, the corresponding
DC model is loaded, the loads of the load case applied and the structural analysis performed.
Finally, the stress and strain values on all elements are read and stored in matrixes for the siz-

ing.

Based on the structural results of the different load cases, new element thicknesses are com-
puted in the sizing part of S BOT+. The sizing is explained in detail in chapter 3.6.3.

In the model update part, the new computed element properties (such as thickness or materi-
al orientation) are fed back in all deflection case models. Therefore, each model is loaded and
updated with the new element properties. Additionally, several element tables are generated,
which can be used for the visualization of the new computed properties of the current iteration.

The last module of S BOT+ is the output module, which generates various different outputs.
All outputs are stored in separate text files. The different outputs are:

e The deflection of the wing model of all load cases, which is needed for the aeroelastic

coupling.
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e The element properties of all elements. This file is used by the post-processing routine
P2 of the WINGmass tool chain, to compute the different masses of the CPACS mass
breakdown.

e The convergence history.

o A log-file.

3.6.2 Types of Load Cases

Within S BOT+, different types of load cases can be handled. The core of S BOT+ is the
fully stressed design, which is usually performed with ultimate loads. Fatigue load cases are con-
sidered by reduced material limits. This means, that S BOT—+ makes no difference between ul-
timate and fatigue load cases, as the difference is represented by the material limits, which is an
input that is compiled by the ELWIS model generator.

For the sizing of several components, (static) failure load cases are considered. In the
WINGmass tool chain, broken actuators can be simulated. In case of a broken actuator, the in-
terconnection strut acts as alternative load path, which changes the load distribution on the flap
bodies and tracks. The broken actuator is represented by deleting the actuator element in the
solution model of the corresponding deflection case. For non-failure cases, it has to be ensured,
that no load is taken by the interconnection strut, which is modeled as rigid link. Therefore, the
interconnection strut is deleted in all non-failure deflection cases. A similar approach is chosen
for the cruise rollers respectively mid-span stops. They are only acting in case of retracted flaps,
wherefore the connection joint is deleted in case of extended flaps.

In order to ensure a good aerodynamic performance of bending wings, the bending of the flap
and the main wing must be very similar. Therefore, two additional design requirements are de-
fined: The first requirement is the spanwise gap distribution on extended flaps. Due to different
bending lines of the flap and the wing, the gap differs along the span. This difference is kept
within the margin by stiffening of the flap body (see chapter 3.6.3). The second requirement is
the deflection angle of the flap which must stay within a small margin for loaded flaps. This can
be reached by adequate stiffening of the flap tracks (see chapter 3.6.3).

3.6.3 Sizing

The sizing part is the core element of S BOT+. In the following, the different sizing criteria
that are currently implemented are explained.

Fully Stressed Design of Beams and Shells

The fully stressed design (FSD) is the most common structural sizing method in preliminary
aircraft design. The basic idea behind this principle is, that the material thickness of each ele-
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ment is chosen in a way, that the maximum stress level of all load cases equals the maximal al-
lowed stress.

Oacutal _ 1

(3.1)

Ocrit
For statically determined structures, where all components can be sized independently form
each other, this approach leads to a design having minimal mass. For other structures, like an
aircraft wing, this design approach is not necessarily leading to the mass optimal design. How-
ever, the FSD solution is usually very close to the mass optimal design, wherefore it leads to
good estimations of the wing mass during preliminary design [58].

As the load inside a structure changes depending of the thickness values of the structure, the
FSD is implemented in an iterative loop. The thicknesses of the next iteration is computed with
the formula

(6}
tiv1 =t (((ayc_u.tal - 1) “kreqa + 1> (3.2)
crit

with k,.q being a reduction factor, which is used to control the convergence behavior. If k;..q4
equals one, the standard FSD is applied. For k,.; smaller than one, the thickness change be-
tween the two iterations is slower, but more robust. For k,.q larger than one, the thickness
change is faster, but the process might not converge. Usual values for k,.4 are one or slightly

smaller than one.

The ratio between the actual and the critical stress is computed for all load cases and all lay-
ers. Finally, each element is sized with respect to the largest value of all load cases and element
layers. All elements are sized separately and independent from each other.

In S _BOTH+, various different possibilities are implemented, which stress has to be chosen as
Oacutal, respectively how it is computed. For shell elements with isotropic materials, such as
metals, the equivalent stress criterion of von Mises [132] is used. For shell elements with aniso-
tropic materials, such as CFRP, the user can chose between the maximum stress criterion [133],
the Puck criterion [134]| and the Tsai-Wu criterion [133]. These three criterions consider several
stresses in different directions, which is why the FSD is performed with several values for o,cytal
and the most critical ratio Oactyal/Ocrit 1S chosen for the sizing of the whole laminate. This
means, that the whole laminate is scaled with the same factor and the relative thickness of the
laminate layers is not changed. For beam elements, the user can decide between the maximum
stress criterion and the von Mises criterion. As the von Puck criterion and the Tsai-Wu criterion
are developed specifically for multi-layered structures, they cannot be used for beam elements.

The sizing criteria can optionally be specified by the user. If the user is not specifying it,
ELWIS chooses the von Mises criterion for isotropic shells, the maximum stress criterion for ani-
sotropic shells and the maximum stress criterion for beam elements.
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Material Orientation of Shell Structures

In case of anisotropic materials for shell elements, S BOT+ can modify the material orienta-
tion, in order to reach an optimal material usage and therefore a lightweight wing. The ap-
proach is simple, but leads to good results for preliminary aircraft design.

If this option is used, S BOT+ aligns the representative layer of the laminate along the prin-
cipal stress direction. This means that the orientation of the best material properties is in the
same direction than the principal stresses. S _BOT+ rotates the whole laminate as it is and is
not changing the relative orientation of the different layers. As different load cases lead to dif-
ferent direction of the principal stress, the average principal stress direction is used.

Stability of Shell Structures

In S_BOTH+, all shell structures are sized against buckling/stability criteria. Due to the pro-
cessing time, the structural analysis in S _BOT+ is linear static, wherefore no non-linear FE
buckling analysis can be performed. Therefore, the stability sizing is performed by employing
hand book methods, which are taken from Bruhn [135]. The methods of Bruhn are based on the
assumption of flat shells with no curvature. As the curvatures of the shell elements in the struc-
tural model are small and the neglect leads to conservative results, the neglect is acceptable for
preliminary aircraft design.

The principal approach for the stability sizing is similar to the FSD sizing, as the actual
stress values are compared with the critical stress values, which results in new element thick-
nesses. However, the value for the critical stress o..;; is not based on material allowables. For
the stability analysis the following formula is used.

2

m?kE [t
Ocrit = m(z) (3.3)
with o, being the critical stress value, k the buckling coefficient, E the Young’s module, v
the poisons ration, t the sheet thickness and b the shorter dimension or the loaded edge of the
buckling plate. The buckling coefficient k is a coefficient, which depends on the edge boundary
conditions and the sheet aspect ratio a/b. The parameter k is derived from graphs in [135] that
have been digitized and implemented in the ELWIS model generator. ELWIS sets the k values
in advance for each buckling field. Equation 3.3 can be used for the computation of buckling due
to compression and due to shear loads. The difference between the computations is only a differ-
ent value for k. In S BOT+, the ratio o,ctyal/0crit 18 computed for both, compression and shear
loads. As both buckling modes are not independent from each other, both ratios are combined
to a final ratio, which is used for the computation of the new skin thickness.

The size of the buckling field, which is represented by the parameters a and b is computed by
ELWIS in advance. E.g. for spars, b equals the height of the spar and a the distance between
two ribs. For stringer stiffened skins, b equals the stringer pitch. This means, that the value of b
varies during the sizing process (see stringer sizing below).
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The material limits for the FSD sizing against ultimate loads may be in the non-linear plastic
region of the material. To take this into account, the Young’s modulus E in equation 3.3 is re-
placed by the tangent modulus E, which is a reduced Young’s modulus in the plastic region.
An exemplary slope of E and E; is shown in Fig. 3.31. This approach is based on the work of
Ramberg and Osgood [136]. They developed a stress-strain relation, which is also valid in the
non-linear material regime:

E=%+K(%)m (34)

With K and m being coefficients, which are material properties and describe the characteris-
tics of the stress-strain curve. The parameter m is called Ramberg-Osgood coefficient and avail-
able in material data bases such as [137]. Based on this work, Hill [138] developed the following
equation for the tangent modulus, which is used for the stability analysis:

gm-1 -1
ET=E<1+0.002-E- e -m) (3.5)
With ¢, being the proportional limit stress. As E; depends on the actual stress level, and the

value of o..;;+ depends on Er, an iterative approach is chosen:

e Er is computed with an initial guess for o (here a,).
® 0. is computed with this Er.

e E; is recomputed with the value of ...

This is repeated until a convergent result is reached. As the function of E;(o) has the slope of
a smooth step function (see Fig. 3.31 (a)), a strong damping is applied to the iteration, to reach

a convergence.

The buckling computation of composite laminates is still subject of current research. Howev-
er, the critical buckling stress of symmetric and balanced composite laminates can be computed
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Fig. 3.31: (a) Tangent modulus as function from stress according to Ramberg-Osgood equation;
(b) stress-strain relation computed with tangent modulus.
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by hand book methods. The buckling equations for shear and compressive buckling are taken
form the HSB [139]. These equations can be transformed in equation 3.3. Therefore the Young’s
module E has to be replaced by E = E, for shear buckling respectively E = m for compres-
sive buckling. Additional, the Poisson ratio v has to be replaced by v = 3/v;5v,;. These re-
placements are already done by ELWIS during the model generation, which means that no ad-
ditional implementation effort in S BOT-+ is necessary. The buckling coefficients k for
composite buckling are also taken from [139].

Stringer Sizing

The sizing of the stringer-stiffened panels is performed in four steps. First, the new stringer
pitch is computed. Therefore, the shell buckling criteria described above is used. Instead of
adopting the skin thickness, the stringer pitch (parameter b in equation 3.3) is adopted. The
idea behind this is, that the stringer pitch has to be chosen in a way that the skin does not
buckle.

In the next step, local buckling of the stringer is analyzed. The equation for the local stringer
buckling has the same shape as equation 3.1. However, the buckling coefficient k depends only
on the stringer geometry and the ratio t/b refers to the thickness of the stringer web and the
web height. The parameter k is computed by the ELWIS model generator. Dependent on the
ratio between the critical local buckling stress and the actual stress, the thickness of all stringer
sheets is scaled. As the coefficient k depends on the ratio of different thicknesses of the stringer
and geometrical parameters of the stringer cross section, k is not changing during the sizing
process. As there is no general hand book method for local buckling on composite stringers
available, the sheet thickness of composite stringers is not sized due to local buckling criteria in
the current S BOT+ version.

The next criterion is the check against buckling of the whole skin-stringer panel. According to
Shanley [39], it can be assumed that the skin-stringer panel behaves like an Euler column,
wherefore the Euler/Engesser equations for beams can be used. This criterion is used to scale
the whole stringer (height, width and material thicknesses). This approach is applied for compo-

site as well as metal stringer.

The chosen approach for the stringer sizing ensures that all three analyzed buckling modes
occur simultaneous, which is known as the optimal design, having the lowest weight.

As the stringer sizing regions are usually very large (e.g. the whole upper skin, see chapter
3.3.3) the stringer properties are the same within these large regions. This means, that the one
most critical element of the sizing region would determine the properties of all elements in this
region. This would lead to an extremely sensitive behavior of the stringer sizing and therefore
stringer mass, as one element can change the mass of a large region. In order to make the sizing
more robust and to improve the convergence behavior the average sizing properties of each
buckling region are used to determine the sizing properties of the whole stringer sizing area.
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Finally the orientation of the stringer is adopted. Therefore, the same approach as for the ori-
entation of composite materials is chosen: the stringers are aligned in the direction of the mean
principal stress.

As described in chapter 3.3.1, stringers are modeled in a smeared representation by an addi-
tional shell layer. Therefore, all stringer sizing parameters, like pitch, height, width and so on,
are not represented explicitly in the FE model. These parameters are defined by ELWIS as
properties of the buckling optimization areas and are used to compute the equivalent properties
of the smeared stringer layer. This approach is not exact and cannot be used for a detailed de-
sign. However, for the purpose of mass estimation in preliminary aircraft design, it delivers good
results within adequate complexity and computational costs. The smeared stringer representa-
tion has the additional advantage, that the stringer pitch is a sizing criterion that can be
changed during the sizing like e.g. the skin thickness. In an explicit modeling approach, the
whole model generation process must be repeated if the stringers pitch should change, which is
rather expensive computationally.

Stability of Beam Structures

For the sizing of beam elements against stability criteria, the stability criteria according to
Euler [39] are used. The selection, which of the four Euler cases needs to be used is undertaken
by the ELWIS model generator and stored as property of the sizing region. S BOT+ modifies
the cross section of the beam element, so that the FSD criteria and the Euler criteria is fulfilled.

Optionally, the stability criteria of Engesser [39] can be used instead of the Euler criteria.
Engesser uses the same equations than Euler, but he uses the tangent Young's module E; in-
stead of E. This means, that the approach from Engesser can also be used beyond the propor-
tional limit stress. As already described for the shell buckling, an iteration between E; and the
critical stress is needed in this case.

Flap Gap Sizing

To guaranty the good aerodynamic behavior of extended high-lift devices, the deflection of
the flap, relative to the wing, must stay within a small margin. This relative deflection can be
measured by the spanwise distribution of the gap between the extended flap and the wing. Spe-
cial load cases are defined where the gap distribution has to be within the margin.

The gap close to the flap tracks is only changing a bit under load, as the flap body is clamped
by the track. But at the tips of the flap and in between two tracks, the gap can change signifi-
cantly. For specified load cases, S BOT+ checks the difference of the gap at the flap tracks, on
the tips and in the middle between two tracks. If the difference exceeds the margin, the flap
body is stiffed by the application of an additional safety factor. This approach is inspired from
the work of Anhalt [89].

The size of the margin has to be specified by the user and is expressed as percentage of flap
chord. Usual values for this margin are around + 1%.
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Flap Angle Sizing

Due to the applied loads, the flap track bends, which reduces the deflection angle of the flaps.
In S BOT+ special load cases can be defined, where the difference of the flap deflection angle
under loads and unloaded must stay below a specified user-defined value. For these load cases
S BOT+H derives the delta angle at all flap track positions. If the delta angle is too high,
S BOT+ stiffens parts of the tracks structure by the application of an additional safety factor.

Mass Points

In the ELWIS FE wing models, some structural masses are modeled as mass points. These
masses are the joints and the carriage of the flap tracks. For these complex structural compo-
nents that are modeled in a very simple way, no classical sizing, such as FSD, can be applied.
Therefore, the mass equations developed by Holert [124, 140] are implemented in S _BOT+.
Both equations are statistical quadratic equations based on the mass values of real aircraft. The
input of the equations is the maximal force that is transferred by the joint respectively the car-
riage. In S BOT+, these forces are derived from the neighboring elements of the mass points.

Sizing with Respect to Other Optimization Regions

The user might wish that the element thickness of one region is equivalent to the element
thickness of a neighboring region. If this option is chosen, ELWIS determines from which other
optimization region the thickness values should be taken for the current one. For this option,
S BOT+ copies the thickness values directly from one region to the other one.

Currently, two different cases are implemented in ELWIS. The first one is the sizing of the
spar caps. At many aircraft, the spar web and the spar cap is one C-shaped part. However, in
the FE model, the spar web is modeled by shell elements, while the spar caps are modeled by
independent beam elements in different optimization regions. Therefore, the user can specify,
that the caps should get the same thickness as the web.

The second application field is the leading edge of the flap body. The leading edge of the flap
is usually also load-carrying and might be the same part as the skin behind. Therefore, the user
can specify that these elements should get the same thickness values than the skin behind the
front spar of the flap.

Thickness Limits

After the computation of new thicknesses, S BOT-+ checks, if the new element thickness is
below a minimum or above a maximum value. If this is the case, the element thickness is set to
the minimum, respectively the maximum value. These values can either be specified by the user
or are defined by the ELWIS model generator, if the user is not defining them.
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Usually, only the minimum value is of practical importance. The minimum value represents
e.g. manufacturing constraints, as shells can only be manufactured if they are thicker than a

certain value. The maximum value is usually only reached, if an error in the simulation occurs.

Filter for Optimization Regions

The whole sizing, described above, is performed separate for each element. Thus, the last step
of the whole sizing process is, to make the element properties of each optimization area equiva-
lent. This approach takes restrictions into account, like manufacturing constraints, and also
leads to better convergence behavior of the whole sizing. This function can be turned off by the

user.

For shell and beam elements, the sizing regions that are used for the FSD are used. For the
equivalent stringer shell layer, the stringer optimization area is used. Usually, one stringer opti-
mization area is the whole wing, which means that the stringers properties are the same over
the whole wing.

For the determination of element thicknesses, the highest thickness value of one element of
the region is chosen for the whole region. Also for the stringer shell layer, the elements, repre-
senting the largest stringer and the smallest pitch are chosen as reference for the whole region.
For the orientation angle of composites and stringers, a weighted average value of the optimiza-
tion area is chosen.

3.7 Post-Processing

The last tool of the WINGmass tool chain is the output module P2 (Post-Processing). The
task of this module is to generate the CPACS output file and several plots, if this is specified by
the user.

The masses in the CPCAS mass breakdown are divided into several sub masses, such as
skins, ribs, spars, flaps, flap tracks, etc. P2 loads the output file from S BOT+ where the new
properties from all elements of the FE model are stored. Next, P2 computes the mass, the center
of gravity and the moment of inertia of each component of the CPACS mass breakdown. This
mass from the FE model is then multiplied with the non-optimum mass factors that are derived
in chapter 4.2.3. Currently, the mass properties and the material thickness distribution after siz-
ing are written back to CPACS. If requested for further applications, this can be extended to
e.g. the track geometries that are an outcome of the knowledge-based model generation process
in ELWIS.
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Beside the CPACS output file, different plots can be generated by P2. An example is shown
in Fig. 3.32, where the convergence of different components of the wing box of the research con-
figuration D150 is shown. In this plot the mass of different components is plotted over the itera-
tion number. The vertical lines indicate a new loads computation of the static aeroelastic loop
while between two vertical lines the convergence of each S BOT+ run is shown. It can be seen
that the aeroelastic deformation of the wing relieves the wing which leads to lighter skins, while
the ribs, spars and stringer are nearly not affected by the static aeroelastic loop.
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Fig. 3.32: P2 exemplary convergence plot of different wing components (vertical lines indicate a new
static aeroelastic iteration).
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Chapter 4
VALIDATION AND APPLICATION

The calibration and application of the developed wing mass estimation system that is de-
scribed in chapter 3 is presented in the following. First, the validation of the aerodynamic load
estimation process is depict, which is followed by the derivation of the non-optimum mass fac-
tors that are used to compute the final mass from the mass of the FE model. Next, the applica-
bility of the WINGmass tool chain on five unconventional configurations and structural layouts
is demonstrated. Finally, the developed tool chain is applied in a multidisciplinary aircraft de-
sign process.

4.1 Validation of the Aerodynamic Load Estimation

Accurate load estimation is
crucial for an accurate wing
mass estimation. The tool AVL,
respectively vortex-lattice
methods in general, are widely
used for the aerodynamic load
estimation in preliminary air-
craft design. However, the use
of these methods for load esti-

mation of wings, including its

high-lift devices, is not jet pub-  Fig. 4.1: Geometry of FNG reference configuration.

lished. It is indicated in Wer-

ner-Spatz [130], Werner-Spatz et al. [131], Rajeswari et al. [141] and Heilmann [142] that vortex-
lattices methods can deliver reliable results for wings in high-lift configuration. However, none of
the previous mentioned authors focused on the application as load estimation. Therefore, the
validation of the implement AVL method for high-lift wings is presented in the following.

For the purpose of wing mass estimation, the lift distribution and the split of the lift between
the wing and the movable structures are the most important aspects. Additionally, the chord-
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wise center of lift on the flaps is of high importance, as it considerably influences the loads on
the flap tracks. The last important aspect is the estimation of the angle of attack for a given

lift, as a wrong angle of attack would lead to an inaccurate lift distribution on a twisted wing.

For validation, the AVLloads computation
is compared with CFD RANS results. The
reference aircraft is the so called FNG config-
uration [143]. The CFD results are taken
from an earlier study [144]. The FNG is a
wing-fuselage research configuration of an
aircraft having a fuselage of the size of the
A321, a 174m’ wing area, single slotted fowler
flaps and slats along the whole leading edge.
The geometry of the FNG aircraft in landing
configuration can be seen in Fig. 4.1. The val-
idation case is the FNG wing-fuselage model
at zero angle of attack, a Mach number of
Ma = 0.2 and a Reynolds number of
Re = 1.8-10". The high-lift system is in land-
ing configuration with flaps extended 32° and
slats extended 23°.

The lower curve in Fig. 4.2 shows the error
in total lift of the AVL computation for dif-
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ferent numbers of vortex elements. It can be seen, that the total lift in the AVL computation is
not changing significantly, if more than 1000 vortex elements are used. For the maximum num-
ber of elements, a difference of 3.4% in total lift results. As the total lift is a load case input in
the WINGmass tool chain, the difference in lift computation would be transformed to a different
angle of attack in the tool chain. The 3.4% difference in lift equal 0.6° difference in angle of at-
tack, which is a good result, if one considers the simplicity of the vortex-lattice method, com-
pared to the RANS computations.

In Fig. 4.3, the spanwise lift distribution of the RANS and the AVL computation with the
highest number of vortex elements is plotted. It can be seen, that the main difference occurs at
the wing root where the fuselage is placed. As the fuselage is not modeled in AVL, a high differ-
ence in this region is expected. Trials to model the fuselage by a source-sink model in AVL did
not improve the accuracy. The differences in the lift distribution close to the wing root have a
minor effect on the spanwise wing bending moment, which is the most important parameter for
the wing sizing. Therefore, the differences in lift in the root area can be neglected.

The upper curve in Fig. 4.2 shows the error of the relative lift of the deflected flaps. The rela-
tive lift is the share of lift that is produced by the flaps, compared to the total lift of the config-
uration. It can be seen, that the error in relative flap lift strongly depends on the number of
vortex elements. For the computation with the highest number of elements, the flaps produce
18.0% of the total lift in AVL, while the flaps produce 17.4% of the total lift in the RANS com-
putation. This results in an error of only 3.4%. As can be seen in Fig. 4.3, also the spanwise lift
distribution of the flaps matches well with the RANS result.

As mentioned above, the number of vortex elements needs to be very high to obtain accurate
results for high-lift configurations. However, the maximum number of vortex elements in the
original AVL version is limited. Therefore, a new version from Moerland [129] is used for the
WINGmass tool chain. This AVL version can handle up to 6500 vortex elements. A further in-

crease of the number of vortexes is not
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Fig. 4.4: Comparison of spanwise center of pressure on the ~ dation computations show that the
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too far back. Therefore a correction is implemented in the AVLloads module. This correction
shifts the center of lift more to the front, without changing the spanwise lift distribution or the
total lift. After the correction, the maximal difference of center of lift of AVLloads and the cen-
ter of lift of the RANS computation is reduced to only 4% flap chord. A comparison spanwise
distribution of the corrected center of lift and the center of lift of the RANS computation is
shown in Fig. 4.4.

4.2 Derivation of Non-Optimum Mass Factors

All finite element models that are used during preliminary aircraft design represent a simplifi-
cation of the real aircraft geometry. For example, spar webs are modeled with flat shells and the
spar caps with rectangular beam elements. In contrast, a real spar might have reinforcements,
stiffeners, holes, rivets or cut-outs. Due to these simplifications, the resulting mass of the sized
finite element model represents only a theoretical optimum mass, which is less than the real
mass. Since the early beginnings of wing mass estimation, the most popular approach to cali-
brate the optimum mass by using a power function of the shape myqq = a- mgptl-mum. The coef-
ficients a and b are derived by regression analysis. In this regression analysis, the mass of sever-
al real aircraft is compared with the modeled mass. As b is usually close to one, it is often set to
one, which simplifies the equation to the non-optimum mass factor a, multiplied with the phys-
ics-based optimum mass. For the purpose of wing mass estimation, usually one non-optimum
mass factor is derived to compute the total wing mass from the total modeled structural mass.
However, if more detailed data is available, the regression analysis can also be performed on
component level.

According to Pincha [145], 30-80 % of the real structural aircraft mass can be modeled by fi-
nite element based analyses. In the Airbus FEMMAS project, it is stated that typical values for
wing primary structures are around 60-70 % [67]. The same values as those published by Pincha
are also given by Osterheld [58]. However, she corrected the allowed stress values instead of the
modeled mass. As long as no aeroelastic coupling is considered, these two approaches should re-
sult in similar masses. In case of an aeroelastic coupling, differences will occur as the stiffness of
the wing and therefore the loads will change.

The exact value of the non-optimum mass factors cannot be stated in a general manner as it
depends on various aspects. The factors depend on the structural component on which they are
applied, the degree of simplification of the model, the applied sizing criteria, the considered load
cases as well as several maintenance and production aspects that influenced the real design, but
are not taken into account in the mass estimation process. This incomplete list shows that the
non-optimum mass factors have to be derived for each new wing mass estimation method re-
spectively tool chain. Additionally, after each change at one of the analysis modules, the non-
optimum mass factors must be recalculated.

In the following, the derivation of the non-optimum mass factors for the WINGmass tool
chain is presented. First, the reference aircraft are described, followed by a list of the considered
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load cases. Finally, the non-optimum mass factors are derived and the difference between the fi-
nal WINGmass results and the real aircraft mass is shown.

4.2.1 Reference Aircraft

For the derivation of the non-optimum mass factors, it is favorable to use as many aircraft as
possible. However, for the WINGmass tool chain, very detailed information on the aircraft, such
as the airfoil shape, material properties and spanwise thickness and twist distributions, are nec-
essary. This detailed information is usually confidential, wherefore it is only available for few
aircraft. Therefore, the non-optimum mass factors are derived based on two reference aircraft,
for which the necessary information are available to the author: the Airbus A320-200 and the
Airbus A340-200.

The A320 is a typical twin-engine short and medium range aircraft, manufactured by the Eu-
ropean aircraft manufacturer Airbus [146]. The A320 is the basic aircraft of the A320 family
that also consist of the shrunk A318, A319 and the stretched A321. Although its first flight was
1987, the A320 still represents the state-of-the-art in its class. The A320 can carry 180 passen-
gers in a standard single-class layout for more than 3000 nm. During its 25 years of production,
several different weight variants of the A320 have been developed. For the analysis in this
study, a weight variant with 77t MTOM is chosen, which is the most common and at the same
time almost heaviest current weight variant. Therefore, this weight variant is well-suited as a
reference for the derivation of the non-optimum mass factors.

The A330/340 aircraft family is a typical long range aircraft family. The family consists of
the A330-200 and -300 and the A340-200, -300, -500 and -600. The -200 and -300 versions of
both aircraft share the same wing, although the A330 is equipped with two engines, while the
A340 is equipped with four engines. The MTOM of the A340 is considerable higher than the
MTOM of the A330 aircraft. Therefore the A340 is better suited to be used as reference aircraft,
as the common wing is designed to withstand the higher loads on the A340. The A340-200 [147]
with its highest weight variant and a MTOM of 275t is chosen as reference configuration. The
A340-200 has a standard seating capacity of 303 passengers that can be carried over more than
6500 nm.

4.2.2 Load Cases

The two reference aircraft are analyzed with respect to the most critical load cases for the
wing box, the flaps and the ailerons. The chosen load cases are assumed to be the most critical
load cases, according to different publications and expert opinion. In detail, the load cases in
Tab. 4.1 are included in the analysis. In addition to the load cases mentioned in Tab. 4.1, more
load cases were tested in preliminary analysis. However, it was found, that these load cases are
not critical for the sizing of the wing. Therefore, they are neglected for the derivation of the
non-optimum mass factors.
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Tab. 4.1: Overview of considered load cases.

Nr Ac;:ieolflra— Mass Velocity Flaps | Ailerons [ Remarks
1 2.5g MTOM Vy, Cruise 0°
9 258 MTOM v, Cruise 0° Only used for A320 as A340 cannot reach
2.5g at V,.
3 | computed MZEM V. Cruise 0° Gust load.case; acceleration to be computed
for each aircraft.
4 -1g MTOM Ve Cruise 0°
(MTOM - . . Fatigue load case with reduced material lim-
5 1g MZFM) /2 Ve Cruise 0 ‘s,
6 2g MTOM Vi Take-off 0°
7 2¢g MLM Vi Landing 0°
8 lg MLM Vi Landing 0° For gap and track bending angle sizing.
. . Touchdown according to CS 25.473 (2); ac-
9| computed MLM Ve Landing 0 celeration to be computed for each aircraft.
. . Touchdown according to CS 25.473 (3); ac-
10/} computed | MTOM Ve Landing 0 celeration to be computed for each aircraft.
11 2g MRM 0 m/s Cruise 0° Bump on rough taxi way.
12 1.667g MTOM Vv, Cruise 0° Z{rifiel;%nce load case for aileron load cases 14
13 1.667g MTOM Vy Cruise max [ Angle of attack from load case 13.
14 1.667g MTOM VvV, Cruise min | Angle of attack from load case 13.

4.2.3 Non-Optimum Mass Factors

The WINGmass tool chain is applicable for the analysis of the wing and its trailing edge de-
vices. However, the user can choose, which trailing edge devices should be analyzed. Therefore,
the non-optimum mass factors are derived for three different analysis cases:

e Analysis of the wing box.
e Analysis of the wing box and the flaps.

e Analysis of the wing box, the flaps and the ailerons.

For the analysis of the pure wing box, only load cases 1 - 5 and 9 - 11 (see chapter 4.2.2) are
used, as these load cases are responsible for the majority of the loads on the wing primary struc-
ture. For the analysis of the wing box and the flaps, also load cases 6 - 8 are considered, as
these load cases represent the main loads of the flaps. For the analysis of the wing with flaps
and ailerons, all load cases are considered, including the aileron specific load cases 12 - 14.

The non-optimum mass factors differ slightly for the three analysis cases, due to two main
reasons: as mentioned above, different sets of load cases are used for the three analysis cases.
Although e.g. the flap load cases mainly size the flaps, they slightly influence the sizing of the
main wing. The second reason is that the flaps and the ailerons interact with the primary struc-
ture of the wing, wherefore the loads and therefore the sizing of the whole wing differs.
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Tab. 4.2: Non-optimum mass factors for analysis of wing primary structure.

97

A320 A340 Non-optimum A320 A340
mod. mass [%] | mod. mass [%] | mass factor [-] error [%] error [%]
Skin and stringer 61.5 60.4 1.640 1.0 -1.0
Spars 75.4 80.0 1.287 -2.9 2.9
Ribs 67.5 79.7 1.359 -8.3 8.3
Sum 64.6 66.5 - -0.9 1.1
Tab. 4.3: Non-optimum mass factors for analysis of wing primary structure and flaps.
A320 A340 Non-optimum A320 A340
mod. mass [%] | mod. mass [%] | mass factor [-] error [%] error [%]
Skin and stringer 59.9 61.8 1.643 -1.6 1.6
Spars 77.2 80.2 1.271 -1.9 1.9
Ribs 65.7 80.7 1.366 -10.2 10.2
Sum prim. struct. 63.5 67.7 - -2.8 2.9
Flap bodies 40.5 42.5 2.409 -2.5 2.5
Flap tracks 47.2 44.3 2.185 3.2 -3.2
Carriages 103.0 86.1 1.058 9.0 -9.0
Sum flaps 49.0 48.1 - 0.7 -0.9
Sum 61.6 65.9 - -2.3 2.6
Tab. 4.4: Non-optimum mass factors for analysis of wing primary structure, flaps and ailerons.
A320 A340 Non-optimum A320 A340
mod. mass [%] | mod. mass [%] | mass factor [-] error [%] error [%]
Skin and stringer 59.9 60.3 1.664 -0.3 0.3
Spars 77.9 80.5 1.263 -1.7 1.7
Ribs 65.4 81.0 1.366 -10.7 10.7
Sum prim. struct. 63.6 66.8 - -1.9 2.1
Flap bodies 40.0 42.7 2.418 -3.4 3.4
Flap tracks 47.5 43.1 2.208 4.9 -4.9
Carriages 102.8 88.1 1.048 7.7 -7.7
Sum flaps 48.8 48.0 - 0.8 -1.0
Aileron 60.0 59.1 1.680 0.7 -0.7
Sum 61.6 65.0 - -1.5 1.8

In Tab. 4.2 to Tab. 4.4, the deviation of the non-optimum mass factors and the resulting ac-

curacy is depicted. Column two and three show the ratio of the modeled mass of the FE model

compared to the real mass of the component. Due to the confidentiality of the absolute mass

values, only the ratios can be published here. The non-optimum mass factor is the reciprocal

value of the average of these ratios. The last two columns show the resulting error between the

corrected FE mass and the real mass. Due to the way of computing the non-optimum mass fac-

tor, the absolute percentage of the error for the A320 and A340 is the same for each component,

but with different signs. As the relative mass of the different components, compared to the total

mass of the wing, differs for the A320 and A340, the error values of the sums have different val-

ues.
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4.3 Demonstration of Possible Fields of Applications

According to the research question in chapter 1.3, the developed wing mass estimation pro-
cess should be able to handle novel configurations or structural concepts. Therefore, the flexibil-
ity of the tool chain is presented on five example studies in this chapter. These studies are per-
formed to demonstrate the geometrical flexibility of the developed process. They do not
represent complete aircraft or wing design studies.

4.3.1 Strut Braced Wing

Strut braced wing configurations are characterized by a tensile loaded strut that supports the
wing. The strut reduces the wing’s bending moment and therefore the wing mass. Strut braced
wings are usually used at small turboprop aircraft. However, due to the potential in wing mass
reduction, they are considered for large future passenger aircraft.

The analyzed wing consists of one unswept main wing in high wing configuration and one
strut that supports the wing. The wing is mounted with four joints on the fuselage, while the
strut is attached to the fuselage on the lower side. The wing has a reference area of 72m?® a high
aspect ratio of 18 and two fowler flaps on each side. Each flap is connected with two dropped
hinge flap tracks to the rear spar of the main wing (see flap track type 2, chapter 3.3.2). This

Fig. 4.5: (a) Finite element model, (b) high-lift systems details, (c) fuel loads and (d) aerodynamic pres-
sure loads of the strut braced wing (for analysis results: red equals high values, blue equals low
values).
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track type is very common at large turboprop aircraft. The finite element model, the aerody-
namic pressure loads and the fuel loads for a 2.0g pull up maneuver of the strut braced wing are
shown in Fig. 4.5.

The mass of the primary structures, the flaps and the strut of the computed wing results in
5.2 t. The same wing without strut has a mass of 10.7 t. This means, that the introduction of
the strut results the wing weight by around 50%. This shows the high potential of a strut on the

wing.

4.3.2 Blended Wing Body

The blended wing body (BWB) configuration consists of an airfoil shaped body and smoothly
blended wings that are attached to the body. Both, the body and the wings produce lift. As the
configuration has no tube-like fuselage and no tails, good aerodynamic properties are expected
from this configuration. The passenger cabin is located inside the body, which allows new very
wide cabin concepts. One of the largest challenges of the design of BWBs is the structural lay-
out of the body, as the pressurized cabin has no round cross section.

The analyzed BWB configuration is based on a research configuration developed by Ciampa
et al. [10]. This very large BWB is designed to carry more than 750 passengers over a range of
10000nm. The reference area of the BWB is 2680m” which is much larger than today’s largest
aircraft. The finite element model, the deformed model, the fuel load distribution and the aero-

dynamic pressure load for a 2.5g pull up maneuver are shown in Fig. 4.6.

(@) (b) /‘

Fig. 4.6: (a) Finite element model, (b) node displacement, (c) fuel loads and (d) aerodynamic pressure
loads of the blended wing body (for analysis results: red equals high values, blue equals low val-
ues).
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As the current version of the WINGmass tool chain can only generate a structural layout that
is constructed from ribs, spars and skins, a mass estimation of BWBs with their complex struc-
tural cabin layout cannot be performed. Therefore this demonstration only shows that the
WINGmass system is applicable on BWB-like wing shapes, but not the reliable application on
BWBs.

4.3.3 Box Wing

The box wing aircraft configuration is a non-planar wing concept. The box wing consists of
one forward and one rear wing that are connected at their tips via a third horizontal wing. Usu-
ally, the forward wing is attached to the lower side of the fuselage, while the rear wing is at-
tached to the upper side of the fuselage or on top of the vertical tail. The fuselage of the box
wing configuration is similar to conventional tube-like fuselages. The closed wings of a box wing
aircraft is expected to lead to a considerable reduction of the wingtip vortex, which leads to
lower drag and therefore fuel consumption.

The analyzed box wing aircraft is similar to a configuration that is developed by Frediani et
al. [11]. At this configuration, the rear wing is mounted on top of the two vertical stabilizers
that are placed on the wide tail of the fuselage. This box wing has the same reference area than
the A340-200, the same fuselage, the same design masses and design mission. The finite element
model of the box wing, the deformed FE model, the fuel and the aerodynamic load distribution
for a 2.5g pull up maneuver is shown in Fig. 4.7.

(@)

Fig. 4.7: (a) Finite element model, (b) node displacement, (c) fuel loads and (d) aerodynamic pressure
loads of the box wing (for analysis results: red equals high values, blue equals low values).
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The results of the analysis show a total mass of the wing primary structure of 51.7t, which is
almost 1.9 times heavier than the primary structure mass of the A340 wing and tails. However,
one has to consider, that the upper and the lower wing of the box wing configuration have an
aspect ratio of 15.4, which compares to 9.3 on the A340. According to the statistical equation in
[36] such an aspect ratio increase would lead to a 2.1 times higher mass. This means that the
box wing configuration seems to be slightly lighter, than a conventional configuration with an
aspect ratio of 15.4 would be.

4.3.4 Multi-Spar Flap

The multi-spar flap concept is a novel structural concept for high-lift flaps. The concept is
mainly driven by manufacturing considerations. At multi-spar flaps the ribs and stringers are
replaced by a set of spars that ensure good buckling characteristics of the skin. Ribs are only
used as load introduction ribs at the flap tracks and at the tips of the flap.

In this analysis, the outer flap of an A320 is replaced by a multi-spar flap, having the same
outer geometry, but a different structural layout. The multi-spar flap FE model, the skin thick-
nesses of the flap after sizing and the stress distribution on the multi-spar flap for a 2g pull up
maneuver are shown in Fig. 4.8.

The sizing results show an increase in mass of the flap body of +40%, which equals 41.1kg
additional mass per flap. The mass reduction due to less ribs and the absence of stringer is over-

Fig. 4.8: (a) Multi-spar flap on the A320 wing, (b) detailed FE model, (c) thickness and (d) stress dis-
tribution of the multi spar flap (for analysis results: red equals high values, blue equals low val-
ues).
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compensated by the higher number of spars and higher skin weight due to buckling constraints
of the skin. However, further optimization of the number of spars, spar location and the split in
sizing regions might lead to better results.

4.3.5 Double Slotted Flap

A doubled slotted fowler flap is a flap configuration where a second small flap is attached to
the first flap that is attached to the wing. Double slotted flaps are used for several decades to
increase the maximal lift coefficient of the aircraft. However, due to their high mass and drag
values, double slotted flaps are usually not used for new state-of-the-art developments.

At the development of the Airbus A321, it turned out that the original A320 wing cannot
provide sufficient lift. Therefore, the trailing edge of the A320 was enlarged and a second flap
attached to the flaps. The second flaps are attached to the main flaps by a 4-bar-linkage flap
track mechanism [78]. A similar approach is taken in this analysis. Here, a second flap is at-
tached to the inner flap of the A320 wing. The flaps are linked by a 4-bar-linage (flap track type
6 in chapter 3.3.2). In Fig. 4.9 the finite element model and the stress and pressure distribution
on the wing’s shell structure for a 2g pull up maneuver is shown. The results show, that the ad-
ditional flap including its tracks contribute with 77.6kg to the overall wing mass.

Fig. 4.9: (a) Double slotted flap on the A320 wing, (b) detailed FE model, (c) stress and (d) pressure
distribution of the double-slotted flap (for analysis results: red equals high values, blue equals low
values).
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4.4 Aircraft Design Study

The WINGmass tool chain is applied in an aircraft design study, to demonstrate the capabili-
ties of the chain. Therefore the WINGmass system is used together with several disciplinary air-
craft design and analysis tools. The aim of the so called ‘WingOpt’ study is to compute the op-

timal wing shape for a medium range aircraft.

4.4.1 Objective of the WingOpt Study

The objective of this study is to compute the optimal wing shape in terms of mission fuel con-
sumption as a function of the take-off field length. Therefore, a parameter variation on the wing
geometry is performed. The baseline aircraft is a medium range aircraft, similar to an A320. On
the one hand, the wing’s dimensions are scaled from 90% to 110%, which results on a scaling of
the reference area from 81% to 121%. On the other hand, the chordwise size of the flaps is var-
ied. At the baseline aircraft, the chord of the flaps at the wing kink equals 27% of the wing
chord. This value is varied from 17% to 37%. The rear spar position of the wing is adapted to
the size of the flap, which changes the dimension of the wing box. An overview of the resulting
wing geometries is given in Fig. 4.10.

The resulting mass and the aerodynamic
performance of the new wing are used to flap chord: 17% 27% 37%
scale the engine to meet the CS-25 climb

requirements and the cruise thrust re-

wing area:
148.1 m?

quirement. The design masses of the air-

craft are recomputed with respect to a mis-
sion where a 15t payload is carried over
3000nm. Next, the take-off field length and
the mission fuel for the design mission is
computed. Based on these results, the op-
timal wing can be chosen for each take-off =\
field length. \

122.4 m?
It would be possible to compute the en- ]
gine thrust with respect to a given take-off
field length. However, this would lead to
oversized engines for all other flight phases
and therefore to suboptimal designs. There-

fore, the engine is only sized with respect
99.1 m?

to climb and cruise requirements.

Within this study, it is assumed, that
the analyzed changes in wing geometry are
small enough that no redesign of the whole Fig. 4.10: Overview of wing geometry variation.
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aircraft is necessary. Therefore the geometries and masses of all other components of the aircraft
are kept unchanged.

4.4.2 WingOpt Tool Chain

For this study a tool chain is developed that includes several aircraft design tools of different
disciplines. The tool chain is implemented within RCE (Remote Control Environment), which is
developed in order to support interdisciplinary and distributed design in several projects [148].
An overview of the tool chain is given in Fig. 4.11.

| set ELW.IS. set ELW.IS WINGmass
toolspecific toolspecific

CPACS Modify set ELWIS .
Geometry toolspecific cMu MaxFlapLift
Il RCE components | | ot prwis TRIM_VL delete PU

- analysis tools toolspecific (APM) mass

|:| support tools
CPACS

|:| study specific tools Joiner CMU ModifyEPM VAMPzero

Fig. 4.11: WingOpt tool chain overview.

All black boxes in Fig. 4.11 represent RCE components that are used to load a CPACS file at
the beginning, to store it at the end or to join two CPACS files, if two parallel tracks are merg-
ing. The dark grey components are the analysis tools that are used for different disciplinary
analysis. The white components are very small tools that are modifying the CPACS file in order
to prepare the file for the next analysis tool. As four of the analysis tools are based on the
ELWIS model generator, the ELWIS tool specific has to be adopted for each tool. For example,
the TRIM VL (TRIMming with Vortex-Lattice) calculations are analyzing the whole aircraft
including tails, while the WINGmass system is only analyzing the main wing. This difference
has to be defined in the tool specific part of the CPACS parameterization. The light grey com-
ponents are small tools that are specifically developed for this study.

The tool chain starts with loading the CPACS input file, which is followed by the ModifyGe-
ometry tool. This tool scales the wing and changes the flap size. Next, the chain splits up in
three parallel tracks. The first track (upper track in Fig. 4.11) starts with the tool TRIM VL,
which is based on the Vortex-Lattice tool AVL [94] and performs trim calculation for all load
cases that should be used for the structural analysis of the wing. TRIM VL is followed by the
WINGmass system. WINGmass uses the lift coefficients of each lifting surface that are comput-
ed by TRIM VL as load case input. In this study, the WINGmass tool chain is used to com-
pute the mass of the wing primary structure and the flaps including flap tracks. All other sec-
ondary masses are computed by the tool PESTsewi (Preliminary mass ESTimation — SEcondary
Wing structures) in the second track of the chain (middle track in Fig. 4.11). PESTsewi is
based on the latest mass equations for secondary wing structure of the LTH [85]. The first and
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the second track are merged by the CPACS Joiner so that all sub-masses of the wing are stored
in one CPACS file. Next, CMU (CPACS Mass Updater) sums up all component and sub-
component masses up to the OME, which finishes the wing mass estimation process.

The next analysis tool is the preliminary aircraft design tool VAMPzero [149]. VAMPzero is
used to compute the landing and take-off field length, the new design masses, the engine scaling
factor and the new power units mass. To enable VAMPzero to do these computations, two
small additional tools are called in advance. On the one hand, the power-units and the design
masses have to be deleted from the CPACS file, which forces VAMPzero to compute them. On
the other hand, VAMPzero is currently not able to compute the additional lift and drag coeffi-
cients of the high-lift system accurately. As these coefficients are required for the computation
of the take-off field length and the engine thrust, the small tool MaxFlapLift is developed. In
this tool the handbook methods of Roskam [150] are implemented.

Next, the new engine performance map (EPM) is computed by ModifyEPM with respect to
the scaling factor from VAMPzero. ModifyEPM is based on TWdat (TriebWerks DATenbasis)
that can scale several existing engines based on precalculated high-fidelity data that is stored
within TWdat. Next, CMU is called again to update the mass breakdown with the new power

units mass.

The third track (lower track in Fig. 4.11) of the tool chain computes the aerodynamic per-
formance map (APM) with the tool TRIM VL. The APM is merged in the CPACS file of the
main track and forwarded to FSMS (Fast and Simple Mission Simulator), which is the last
analysis tool of the tool chain. FSMS performs a mission simulation for the 3000nm design mis-
sion and computes the required fuel mass of the mission. Finally, the CPACS file is saved.

4.4.3 Results of the WingOpt Study

In total 25 different wing con-
figurations are analyzed within
this study. The main results are
plotted in Fig. 4.13 and Fig. 4.15,
where each black dot indicates
the computed parameter combi-
nation. The reference configura-
tion is represented by a black tri-

angle in the middle of the plot.

Fig. 4.12: Finite element models of wings with (a) 37% flap chord

In Fig. 4.13 (a), the mass of and (b) 17% flap chord.

the flaps including the flap tracks

is shown. It can be seen that the mass of the flaps is very sensitive on the relative flap chord.
The increase of the relative flap chord form 27% to 37% (437% flap area) results in an in-
creased flap mass of +62%. This high sensitivity results from the increased flap size, but also
from the higher loads on the flaps and the grown flap tracks (see Fig. 4.12). In contrast, the
sensitivity of the flap mass with an increased wing area is much lower. Increasing the wing ref-
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erence area from 122.4m’ to 148.1m” (+21% flap area) leads to a mass increase of only 26%. A
comparison between the flap masses computed by the WINGmass system and the statistically
determined flap masses by PESTsewi is shown in Fig. 4.14. As both methods are calibrated for
the reference configuration, the difference is zero for this wing. For a pure variation of the wing
area, PESTsewi results differ up to 7% from the WINGmass results, which is acceptable for pre-
liminary aircraft design. But for a pure variation of the relative flap chord the results differ up
to 20%. The highest difference occurs for the smallest wing with the smallest flap, where the re-
sults differ almost 33%. This clearly shows the advantage of the physics-based approach in the
WINGmass system. A statistics-based tool that computes the flap mass as function of the flap
area is able to capture the effect of a larger or smaller wing accurately, but not to capture the
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Fig. 4.13: Color maps of the (a) flap mass (incl. flap tracks), (b) wing primary structure mass, (¢) wing
mass, (d) power units mass, (e) operating mass empty (OEM) and (f) maximum take-off mass
(MTOM) as function of wing area and relative flap chord. The black dots indicate the computed
points. The black triangle in the middle of each plot marks the reference configuration.
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effect of different flap geometries.

In Fig. 4.13 (b), the mass of the wing box is S Sz
shown. An increase of the wing area of +21% F;Zi
(from 122.4m* to 148.1m’) leads to an in- 1349 72 ©
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to resist these loads is the same. But due to of wing area and relative flap chord. The
the airfoil shape, the average height of the black dots indicate the computed points.
smaller wing box is a bit larger, which makes The black triangle in the middle of the plot

it more efficient. Therefore slightly less mate- marks the reference configuration.

rial is required, which leads to a lower wing box mass. The sum of the masses of the flap, the
primary structure and some additionally secondary masses leads to the wing mass, which is
shown in Fig. 4.13 (c).

The new wing design is evaluated in VAMPzero in the next step, which computes the new
engine and the new design masses in an iterative process. In Fig. 4.13 (d) the mass of the new
power units is shown. As the power units’ mass is a function of the thrust, the thrust distribu-
tion is almost equivalent to the power units’ mass distribution. It can be seen in Fig. 4.13 (d),
that the required thrust for the second segment climb requirement increases with increasing flap
sizes, but is rarely influenced by the wing size. The higher drag of the wings with larger flaps is
responsible for the higher required thrust. The small influence of the wing area on the engine
thrust can be explained by the area loading of the wing. Although an increasing wing area leads
to higher wing masses, the lower area loading leads to a lower induced drag during the climb
phase, which counterbalances the higher weight.

The combination of the wing mass distribution in Fig. 4.13 (¢) and the power units mass dis-
tribution in Fig. 4.13 (d) leads to the OME distribution in Fig. 4.13 (e). The OME mass, the
constant mass of passengers and cargo and the fuel mass for the 3000nm mission results in the
MTOM in Fig. 4.13 (f). The mission fuel mass distribution is shown in Fig. 4.15. The block fuel
is represented by the color map that is overlaid by lines of constant take-off field length. The
black area indicates infeasible designs as the maximum landing speed requirement of 70m/s is
not fulfilled. By following the lines of constant take-off field length, the optimal wing design can
be found for each take-off field length. The dashed line in Fig. 4.15 indicates the optimal design
as a function of the required take-off field length.
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It can be seen, that for take-off field lengths that are shorter than 2000m, the optimal wing
area is nearly constant while the flap size increases. A reduction of the take-off field length from
2000m to 1700m would lead to an increased fuel consumption of around 1.2%. In contrast, a re-
duced wing area and a reduced flap size leads to the optimal wing for take-off field lengths ex-
ceeding 2000m.

Additionally it can be seen, that the reference configuration is not on the line of the optimal
wing shapes. However, the difference in block fuel for the 3000nm between the reference configu-
ration and the optimal configuration with the same take-off field length is only around 0.2%.
Therefore, other additional consideration might have led to the wing of the reference configura-

tion.
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Fig. 4.15: Color map of the block fuel for the 3000nm design mission as function of wing area and relative
flap chord. The lines indicate the take-off field length under ISA conditions on sea level. The black
area indicates infeasible designs as the requirement of a maximal landing speed of 70m/s is not ful-
filled. The dashed line indicates the optimal designs for each take-off field length.



Chapter 5
DISCUSSION AND RECOMMENDATIONS

This study focuses on the development of a flexible wing modeling and physical mass estima-
tion system for early aircraft design stages. In the last chapter of the study the research work is
summarized first. Next, the model generation process, which is a key element of the study, is
discussed. This is followed by a discussion of the wing mass estimation system as a whole, its re-
sults, accuracy and applicability. The performed aircraft design study is discussed briefly. The
study concludes with recommendations for further research in the field of wing mass estimation.

5.1 Summary of Research

A new developed extended physics-based wing mass estimation system is presented in this
study. The tool chain is highly flexible in terms of geometries and therefore applicable for con-
ventional and unconventional wings and novel structural layouts. Compared to state-off-the-art
wing mass estimation tools, the physical modeling and therefore the physics-based mass estima-
tion is extended beyond the wing primary structure. The developed mass estimation system in-
cludes the mass of the heaviest secondary structures, which are the flaps including flap tracks
and carriages as well as the ailerons including their wing attachment. Additionally, the load-
carrying structure of the engine pylon and the landing gear is included in the structural model,
to take their influence on the wing structure into account.

The interdisciplinary WINGmass tool chain includes all disciplines that are required for a
mass estimation system. Besides the structural analysis and sizing capability, the tool chain con-
sist of the loads calculation modules for the aerodynamic loads, the distributed fuel pressure
load, the landing gear loads and the engine thrust loads.

The structural wing model is based on finite element shell models, which is state-off-the-art in
wing mass estimations processes. The flap and aileron bodies are also model with shells, while
the load-carrying structures of the flap tracks are model by a combination of shell, beam, mass
and hinge elements. This enables the deflection of the flaps in the FE model and ensures realis-
tic load paths in the tracks, which is mandatory for a realistic sizing.
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The aerodynamic load estimation is based on the vortex-lattice theory. The vortex-lattice
model includes a representation of the slats and flaps that takes the fowler motion of the flaps
into account. The flap flower motion is usually neglected in Vortex-Lattice models, but the con-
sideration of it increases the accuracy of the load estimation. The validation of the vortex-lattice
results is performed by comparing the vortex-lattice results with RANS results and shows a high
accuracy.

The estimation of the fuel loads on the wing is performed by a detailed modeling of the fuel
in the wing, which allows the accurate computation of the distributed fuel pressure on the wing
skins, ribs and spars. The ground forces on the landing gear and the engine thrust are consid-
ered as force vectors in the finite element model, while the engine itself is modeled as a mass
point that is attached to the engine pylon.

The mass estimation process includes a static aeroelastic loop that feeds the wing deformation
back to the load estimation tools. For the aerodynamic loads, this represents the state-off-the-
art method. However, in the developed wing mass estimation system, this loop also includes the
computation of the fuel and the engine loads, which further increases the accuracy of the pro-
cess.

Beside the analysis tools, the developed multi-model generator ELWIS is the core element of
the mass estimation system. The generation of complex analysis models, as in the WINGmass
tool chain, usually requires a huge amount of user-defined input parameters. This makes such
models infeasible for preliminary aircraft design. Therefore, a knowledge-based approach is cho-
sen for the ELWIS model generator. This means, that a large amount of engineering rules are
implemented in ELWIS, wherefore the model generation process is performed automatically
based on few user-friendly input parameters. The data model CPACS is chosen as input format.
Therefore, the WINGmass tool chain is easy to integrate in a wider aircraft design environment,
which is favorable for analysis tools of the preliminary design phase.

The mass output of the WINGmass tool chain is calibrated with respect to two reference air-
craft: the Airbus A320 and the Airbus A340-200. During the calibration, the non-optimum mass
factors (respectively the calibration factors) are determined and the difference between the real
aircraft mass and the calibrated WINGmass output is shown. The calibration factors are deter-
mined for three different cases: the analysis of the wing’s primary structure, the analysis of the
wing’s primary structure and the flaps and the analysis of the wing’s primary structure, the
flaps and the ailerons. Due to the interaction of the movables with the primary structure, slight-
ly different calibration factors result for each case. The calibration shows very small differences
between the calibrated results and the reference aircraft, which shows the high accuracy of the
tool chain.

To demonstrate the required flexibility of the wing mass estimation system, exemplary studies
on five different configurations are performed. The configurations include a strut braced wing, a
box wing, a blended wing body, a conventional wing with a double slotted flap and a conven-
tional wing with a multi-spar flap.
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To demonstrate the benefit of the extended physics-based modeling and the application of the
WINGmass system in an interdisciplinary aircraft design environment, an aircraft design study
is performed. The objective of this study is to compute the optimal wing shape in terms of mis-
sion fuel as a function of the take-off field length. Therefore, a parameter variation on the wing
and flap geometry is performed, the engine scaled correspondingly and the mission fuel evaluat-
ed.

5.2 Discussion of the Model Generation Process

One core element of the WINGmass system is the ELWIS multi model generator. The multi
model generator is developed to fulfill the requirement of the research question that the wing
mass estimation system needs to be applicable already in early design stages. This needs to be
achieved, although very detailed and complex analysis models are required as the research ques-
tions demands a reliable analysis of the total wing mass, including the major secondary struc-
tures. These models are more complex than the tools in state-off-the-art wing mass estimation
processes. ELWIS is the first published model generator that is able to generate structural FE
wing models of the wing primary structure and a realistic representation of all trailing edge de-
vices including their attachments to the wing box. The kinematics of the load-carrying structure
of the flap tracks are modeled three dimensionally in the wing model, which is an approach that
was never published before for a wing mass estimation process in early design stages.

The research question demands for a process that can handle novel configurations or struc-
tural concepts. The geometrical flexibility in terms of wing configurations is demonstrated in
chapter 4.3, where example studies on a box wing aircraft, a blended wing body and a strut
braced wing are presented. Additionally, conventional wings with winglets and wing tip fences
(which is modeled as wing that splits up in two wings) are used as examples throughout the
study. These wing shapes and configurations include all wing configurations that are in focus of
today’s international research activities. However, due to the flexible implementation of ELWIS
and the equal flexible parameterization in CPACS, additional new and innovative wing shapes
can be analyzed. On the structural configuration side, almost all configurations that are con-
structed with ribs and spars are definable in CPACS and can be processed by ELWIS. Spars
can merge or cross each other and can start and end at every wing position. A similar flexibility
is realized for the ribs. Summarizing, the combination of the CPACS parameterization and the
ELWIS model generation allows a flexible analysis of all wing-like structures that are in focus of
today’s international research activities.

The geometry of all non-wing body structures, such as the flap tracks, the engine pylon and
the landing gear, are generated automatically by ELWIS, based on implemented engineering
rules. This ensures the usability during early design stages, where the designer is not caring
about the detailed geometry of e.g. the flap track. The flap track geometry is computed based
on the user-defined kinematic type, the position of the track on the wing, the wing and flap ge-
ometry and the minimal and maximal deflection position of the trailing edge device. For a nor-



112 5 DISCUSSION AND RECOMMENDATIONS

mal flap, this is the cruise and the landing position. For some kinematic track types this is abso-
lutely sufficient. For example for dropped hinge flap tracks, the whole deflection path is exactly
defined based on these two positions. However, for other kinematic types the deflection path be-
tween the maximal and minimal position can be changed in a limited range by the detailed de-
sign of the flap track geometry. Therefore, the ELWIS model generator cannot ensure that e.g.
the take-off position of the flap can be reached exactly with the generated flap track geometry.
However, as only small variations of the path are possible within one kinematics type, this sim-
plification in the model generation process is acceptable for early design stages. Especially, as
this simplification also reduces the amount of user-defined input parameters.

The flaps and slats are included in the vortex-lattice model by modeling their flap fowler mo-
tion and the rotation. The generation of the vortex-lattice model allows the same flexibility in
wing configurations as the generation of the structural model. The vortex-lattice model can con-
tain crossing or splitting wings, so that wings with winglets, wings with wing tip fences, H-tails,
strut braced wings or box wings can be modeled. A special module is implemented, that ensures
that the interconnection of different parts of the wing (e.g. wing and winglet or wing and flaps)
is exact and that the element split is the same on all neighboring parts. This avoids unrealistic
numerical effects at the intersections. It would be possible to model the spoiler in the same way
in the vortex-lattice model. However, the vortex-lattice theory is already at its limits with the
flaps and slats and the modeling of the spoiler would not lead to useful results.

The model generation process of the fuel tank model is highly efficient, as the already gener-
ated structural model is directly used. Therefore hardly any additional numerical effort is re-
quired to generate the fuel tank model. Additionally, this approach avoids the need for an inter-
polation between the fuel mesh and the structural mesh as it is needed for the aerodynamic
loads.

Dependent on the complexity of the wing, a CPACS model, including the definition of the in-
ternal structures and the movables, can be created in a few hours. If the new wing is based on
an already existing CPACS file, which is mostly the case, this time can be reduced further.
Therefore, the use of the CPACS format for the analysis is well feasible during early design
stages. Also the low model generation time in ELWIS is well feasible for early design stages.
Dependent on the analysis, ELWIS usually runs between 1 and 5 minutes, which is negligible
compared to the runtime of the whole WINGmass system (see next subchapter).

Referring to the research question in chapter 1.3, the generation of the required complex
analysis models out of the user-oriented and discipline neutral data format CPACS is feasible
during early design stages, by applying a knowledge-based model generation approach as it is
demonstrated in ELWIS. The computation time for the model generation as well as the time for
setting up an analysis in CPACS is well feasible for the use in preliminary aircraft design.
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5.3 Discussion of the Wing Mass Estimation

The developed wing mass estimation system is the first published system that is able to esti-
mate the mass of the wing primary structure, the flaps, including flap tracks and the ailerons
physics-based. Within the system, all six characteristics of a state-off-the-art physics-based mass
estimation system are included (according to [24]; see chapter 1.1.3): the multi-model generation
capability, the load generation capability, the load application capability, the structural analysis
capability, the structural sizing capability and the aeroelastic feedback capability.

The validation of the aerodynamic load estimation in chapter 4.1 shows that the vortex-
lattice method is well suited for the wing mass estimation process. Although the absolute lift of
a wing can be computed accurately with a low number of vortex elements, the accurate compu-
tation of the flaps requires a high amount of vortex elements. However, at the computations
with the most vortex elements, only four elements are placed in chordwise direction on the flap
body. Therefore the term ‘high’ means high compared to usual vortex meshes on flapless wings.
But by considering the flap as a wing, the number of elements is rather low. These four ele-
ments are sufficient for an accurate prediction of the lift of the flap (3.4% error compared to
RANS results). However, the chordwise center of lift cannot be represented accurately with only
four elements. Therefore a correction is applied that shifts the chordwise center of lift on de-
flected flaps more to the front. At every spanwise position of the flap, the corrected center of lift
is less than 4% flap chord away from the RANS results.

The fuel loads are applied as pressure load on the structural model, similar to the aerodynam-
ic loads. This approach leads to a high accuracy, as the pressure load takes the fuel distribution
into account. Usually, only the aerodynamic loads are updated with respect to the wing defor-
mation in state-off-the-art wing mass estimation systems. Besides the aerodynamic loads, also
the fuel and engine loads are included in the static aeroelastic loop in the WINGmass system.
This leads to a further increase in accuracy, as the spanwise fuel distribution has a considerable
influence on bending moment distribution.

The structural analysis and sizing methodology in the WINGmass tool chain is similar to the
sizing of comparable tool chains. However, as the WINGmass tool chain considers the wing pri-
mary structure and the trailing edge devices, special sizing criteria are used in addition. It would
be possible to introduce higher level sizing criteria in S BOT+, such as e.g. FEM buckling in-
stead of the handbook buckling criteria or non-linear analysis instead of linear analysis. Howev-
er, these methods would require significant more computation time. As the WINGmass system
is already computational demanding (see Tab. 5.1), a further increase in computation time
should be avoided. Additionally, the mentioned higher level capabilities are not required for the
majority of analysis.

The calibration of the tool chain and the resulting errors for the two reference aircraft is pre-
sented in chapter 4.2.3. The accuracy of the WINGmass system with other FEM-based wing
mass estimation tools can only be compared with the tool of Osterheld [58], as she is the only
author who published her validation/calibration results. Osterheld developed an FEM-based air-
craft mass estimation tool for the structure of wings, tails and fuselages that is included in the
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aircraft design program PrADO (see chapter 1.2.3). The validation by Osterheld shows an error
of -0.7% for the A320 wing, -0.1% for the A340-300 and -9.8% for the A340-600. This compares
with -0.9% for the A320 and 1.1% for the A340-200 for simulations of the wing primary struc-
ture in the WINGmass tool chains (see Tab. 4.2). This shows that both tools deliver very accu-
rate results and a very small database of reference aircraft. Therefore no statement can be given
whether the WINGmass system is more accurate or the tool of Osterheld.

The very small total errors of the WINGmass tool chain result from counterbalancing errors
of its subcomponents (see Tab. 4.2). The error of the skin and stringers computation is £1.0%,
while the error for the spars is £22.9%. As both components have a comparable simple structural
layout and clear structural load paths, small errors can be expected. The spars have a modeled
mass is around 80%, which is a very high value. This can be explained by the conservative
buckling sizing criterion that is used. The spars are sized to prevent buckling, while post buck-
ling criteria are applied at real aircraft. The error at the rib computation has an absolute value
of +8.3%, which is comparatively high. A detailed analysis of the masses of the ribs showed,
that the mass of the ribs, close to the wing root, is too high. This effect is higher for the larger
A340 wing than for the smaller A320 wing. The reason for that can be found in the modeling of
the ribs with shell elements and the fact that each rib has a constant shell thickness. Therefore
only one small high loaded element of the rib significantly increases the mass of the whole rib.
At real aircraft, the ribs in the center wing box are often constructed from several struts or have
large cut-outs to reduce the rib mass. Therefore, a more detailed modeling of the ribs could in-
crease the accuracy.

For the simulations of the wing and the flaps (see Tab. 4.3), small errors occurred for the flap
body (+2.5%) and the flap tracks (+£3.2%). As the flap bodies are structures similar to the wing,
a small error can be expected. But the flap tracks have a complex structural layout and the ge-
ometry of the flap tracks is automatically generated by ELWIS. Therefore, it is not an exact
representation of the real geometry, which is an additional source of inaccuracy. However, the
small error for the flap tracks clearly shows the high quality of the detailed track models that
are generated by ELWIS. The high error in the computation of the carriage mass (£9.0%) can
be explained by the applied method. For the mass computation of the carriages, the equations
from Holert [124] are used. In his verification, errors of 36.7% for the A320 carriage and 18.7%
for the A340 carriage occurred. As his method is the best available, it is used although the er-
rors are relatively high. As the carriages of the A320 have an average mass of around 10kg while
the total wing mass is almost 9t, 9.0% error at the carriage computation has no significant effect
on the total wing mass.

The modeled spar mass of the A340 considerably increases, compared to the analysis without
flaps. This can be explained by the additional load cases at the simulation with flaps and by the
additional loads that are transferred from the flaps to the wing box. Therefore the spar mass at
both reference aircraft increases, but the effect is larger at the A340.

For the third analysis case, the ailerons are also included in the analysis (see Tab. 4.4). The
error for the aileron including its attachment is +0.7%, which is a very good result. One uncer-
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tainty for this computation is that the number and the positions of the attachment joints are

unknown for both reference aircraft, wherefore assumptions had to be made.

Tab. 5.1: Computation time and percentage of physics-based mass estimation, relative to the wing
mass, for different analysis cases (Intel Core i7-2600; 3.40GHz; 8GB RAM, ANSYS 13.0).

Computation
time [h:min]

Physics-based
mass rel. to wing
mass A320 [%]

Physics-based
mass rel. to wing
mass A340 [%]

Prim. struct. (w/o aeroelasticity) ca. 0:45 62.0 68.9
Prim. struct. ca. 1:30 62.0 68.9
Prim. struct. + flaps (w/o failure cases) ca. 7:00 71.7 75.8
Prim. struct. + flaps ca. 16:00 71.7 75.8
Prim. struct. + flaps + ailerons ca. 24:00 72.5 77.0

For the evaluation of a new method for preliminary design, the trade-off between the benefit
and the computational cost has to be considered. In Tab. 5.1, the computation time for five dif-
ferent analysis cases is compared with the ratio of the mass that is computed with the physics-
based method relative to the total wing mass. It has to be considered, that the computation
time greatly depends on the number of elements in the FE and the vortex-lattice model, the
number of analyzed load cases and the number of necessary iterations until convergence is
reached. If only the wing primary structure is computed, the wing mass estimation system needs
around 1,5h. The computed primary structure represents 62.0% of the wing mass of the A320,
respectively 68.9% at the A340. By turning the aeroelastic loop off, computation time can be re-
duced by a factor of two. If the flaps are included in the analysis, the analysis time increases to
7h (respectively 16h with consideration of failure cases). This higher analysis time is required to
increase the share of the physics-based mass by 7% - 10% to 71.7% for the A320 and 75.8% for
the A340. The additional consideration of the ailerons increases the share of physics-based mass
by another 1%, but increases the computation time to 24h.

No general statement can be given, whether the increase in physics-based computed mass jus-
tifies the increase in computational time. The computation time for the primary structure is no
issue for today’s preliminary aircraft design tool chains. However, if the required computation
time for the flaps and the ailerons can be accepted, depends on the specific aim of the study.
Especially the high additional computation time for the ailerons, which leads to only 1% in-
crease of the physics-based mass, has to be seen critical. If only the wing planform of a conven-
tional wing should be varied slightly, a consideration of the movables might not be necessary.
But if the focus of the study is on the movables, like in the WingOpt study in chapter 4.4, the
additional effort pays off. Especially, if the analyzed wing geometry leaves the knowledge base of
statistics-based methods, the physics-based WINGmass system is more reliable, wherefore the
additional computation time can be justified.

Referring to the research question in chapter 1.3, it is demonstrated that the WINGmass sys-
tem delivers reliably predictions of the wing mass, including the trailing edge devices. The cali-
bration shows the accuracy of the physics-based method for conventional aircraft. However, the
advantage of the WINGmass system is not the accurate recalculation of existing conventional
aircraft. Due to its physical basis, its major advantage is the reliable applicability for sensitivity
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studies and studies on novel configurations and structural layouts that are not captured by the
knowledge base of existing statistical methods. This is clearly shown in the aircraft design study
in chapter 4.4, where the flap design leaves the design space that is captured by statistical
methods. Considering these advantages, the relatively high computation time of the WINGmass
system is acceptable.

5.4 Discussion of the Aircraft Design Study

The capability of the WINGmass tool chain is demonstrated in the WingOpt aircraft design
study in chapter 4.4. In this study, the wing area and the flap size is altered and their influence
on the wing mass, the engine, the design masses and the 3000nm mission fuel analyzed. The re-
sults show the optimal combination of wing area and flap size for each required take-off field
length. Additionally, the costs in terms of mission fuel for an increasing or decreasing take-off
field length are computed.

According to the results of the WingOpt study, the fuel consumption of the reference configu-
ration is 18.26t for a 3000nm mission. A small increase of the wing area, in combination with
smaller flaps would lead to the optimal wing design for the same take-off field length. This op-
timal wing design would reduce the fuel consumption 0.2%, although the wing mass would in-
crease around 5%. However, due to the better aerodynamic properties of this wing during take-
off a lower engine thrust is required, wherefore the OEM keeps nearly constant.

The WingOpt study clearly shows the advantage of the WINGmass system, compared to
classical statistics based methods to compute the secondary structures mass. It is shown that
the change of the flap mass at changing flap sizes differs significantly, depending on whether the
whole wing is scaled or the flap chord is modified. As it is shown in Fig. 4.14, a statistical meth-
od that computes the flap mass as function of the flap area is not able to take these effects into
account.

The highest uncertainties of the results of the study are the aerodynamic computation of the
high-lift characteristics and the zero lift drag. Both computations are based on simple handbook
methods. For the zero lift drag high calibration factors were necessary for the initial calibration
of the chain. The accuracy of the zero lift drag computation is crucial, as the ratio between zero
lift drag and the induced drag determines the optimal wing area. Therefore the difference be-
tween the reference configuration and the optimal wing area for the same take-off field length
might also be caused by the zero lift drag computations.

Due to issues, related to the instability of RCE and limited computational resources, no loop
between the preliminary aircraft design tool VAMPzero and the wing mass estimation could be
realized. Therefore, the influence of the varying design masses is not taken into account in the
wing mass estimation. As the design masses are only changing within a small bandwidth, the in-
fluence of this simplification on the final wing mass is expected to be low. However it might
slightly change the resulting optimum wing area and flap size.
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5.5 Recommendations

This study demonstrates a reliable and applicable wing mass estimation method. However,
further research is recommended to improve the future wing mass estimation process.

Modeling and Model Generation

The aim of this study is to develop a reliable wing mass estimation system for the total wing
mass, including the major secondary structures. These secondary structures are all trailing edge
devices, as they are the heaviest secondary structures. However, the chosen approach could be
expanded for spoilers and slats. Spoilers can already be included in the ELWIS structural mod-
els. But as no method for the estimation of the aerodynamic loads is applicable, they are cur-
rently not used in the WINGmass system. Therefore, the next step should be the implementa-
tion of a higher-level aerodynamic model for the load estimation. To add an additional output in
ELWIS for this aerodynamic model is simple. But first, research should focus on the selection of
the aerodynamic method. For this selection, the opposing requirements of an accurate prediction
of the wing including all movables and the numerical cost must be well balanced. The higher
level aerodynamic modeling and the consideration of all movables would enable the considera-
tion of load elevation systems that are currently neglected.

The track geometry is generated with respect to the cruise and the landing configuration of
the flap. It is recommended to explore if the additional consideration of the take-off configura-
tion would lead to an increased accuracy of the chain.

ELWIS generates the flap tracks based on implemented design rules. In order to analyze pre-
defined flap track geometries, a method should be implemented, that ELWIS can generate FE
models from geometries that are stored in CPACS. These geometries can result from a special
flap track design tool (such as TEFLAMES [124]). Additionally, ELWIS should write back the
generated geometries in CPACS, in order to enable such tools to analyze the ELWIS geometries.

The error in the estimation of the ribs is caused by the modeling of the ribs with shell ele-
ments. Therefore, it is recommended to analyze, whether the accuracy can be improved by mod-
eling these ribs with struts that consist of struts in reality.

In the WINGmass system, the stringers are modeled in a smeared representation, which sim-
plifies the modeling and allows the computation of the stringer pitch and stringer orientation
during the normal sizing. However, it is recommended to add the possibility of an explicit
stringer representation. It should be evaluated how the simplified smeared stringer modeling in-
fluences the wing behavior and sizing results. Also the possibility of a two level approach with a
smeared stringer at the beginning and a explicit stringer representation afterwards should be ex-
amined.
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The clamping of the wing model at the
root is rather rough, compared to the real
wing fuselage attachment. Therefore the
coupling of the wing with a similar fuse-
lage model is recommended to explore the
influence of the simplified clamping.
Therefore, focus has to lie on the correct
modeling of the load-carrying structures in
the center fuselage. Additionally, further

analysis can be performed with global
FEM model that include the fuselage, the
wing and the tails. This work already gy 51. A320 global FEM model with ELWIS wing
started as can be seen in reference [151] and tail.

and Fig. 5.1.

Structural Analysis and Sizing

The implemented structural sizing is able to handle composite as well as metallic materials.
However, only composites having a balanced and symmetrical layup can be analyzed by using
the implemented hand book sizing methods. This is sufficient for the majority of wing struc-
tures, but more advanced composite sizing methods are recommended in order to be able to per-
form an accurate sizing of a general layup. This method should also take manufacturing con-
strains into account (e.g. ramp-ups), as these constrains can significantly increase the mass of
composite wings (see e.g. [72]).

The implemented handbook equations for the buckling computations are well known to be
quite rough. It should be analyzed whether FEM-based buckling analysis can increase the relia-
bility of the mass estimation. Using this method, it should be possible to consider the post-
buckling behavior for the sizing of the structures.

In the WINGmass system, only static analyses are performed. However, the derivation of an
equivalent beam model from the shell model and the dynamic flutter analyses of the beam mod-
el would increase the reliability of the mass estimation system. Especially the analysis of the
wing-flap-configuration in early design stages would be a very interesting new research field.
Usually, such flutter analyses are used to exclude fluttering wing configurations form the design
space. However, a proper stiffening of the wing configuration might also lead to a good design.
Therefore further research is required, to understand how a given wing configuration can be
stiffened in an efficient and as light as possible way.

For wings with very high aspect ratios, the linear analysis in the WINGmass system might
not be sufficient. Therefore the possibility of non-linear analysis should be implemented and the
differences between both analysis modes studied.

The load-carrying structures of the landing gear and the engine pylon and the fixed trailing
edge support structure is already included in the structural model. However, they are only used
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to transform loads on the wing structure but are not sized. It should be analyzed how the mass
of these additional structures can be included in the mass estimation process in an efficient way
and which additional load cases and sizing criteria are necessary for that.

Application Aspects

The WINGmass system requires two
main pieces of input: on the one hand the
definition of the wing and on the other
hand the load cases that should be ana-
lyzed. Both pieces of input must be pro-
vided by the user. Although the CPACS
parameterization is very user-friendly,
preparation of an analysis may take sever-
al hours. To reduce this time, a further

support of the designer before the analysis

starts would be preferable. Fig. 5.2: ELWIS wing, generated from a VAMPzero

For the wing related inputs, current re- CPACS input file.

search is ongoing how the preliminary air-

craft design tool VAMPzero [149] can be enhanced in order to automatically generate the re-
quired wing geometry including the high-lift system. This automatically generated wing might
not exactly be the wing, that should be analyzed, but it gives the designer a good starting point
within a few minutes of work. In the next step, the designer can modify this wing according to
his needs. First trials with an enhanced version of VAMPzero show, that a considerable time
savings can be achieved. In Fig. 5.2, an ELWIS wing is shown that is created from a CPACS
file that is generated by VAMPzero. To generate such wings, VAMPzero only requires a set of
around 10 global aircraft design parameters, such as payload, range and cruise Mach number.

However, although the wing can be created very fast in CPACS, the load case definition still
needs to be done by the user. Dependent on the number and type of load cases, this can be a
time intensive process. First attempts to automate the load case generation have been undertak-
en in the project VAMP (Virtual Aircraft Multidisciplinary analysis and design Processes) [152].
However, the tool that is developed in VAMP is very simple and would need major improve-
ments in order to be used together with the WINGmass system.

After load case generation is automated, a highly interesting research field would be the anal-
ysis of the influence of a wide range of different load cases on the wing. The knowledge and un-
derstanding of which load case has which impact at which wing geometry needs to be improved.
This can reduce the number of required load cases for future wing studies and increase the reli-
ability of the analysis, as only the important sizing load cases have to be analyzed. The analysis
of the sizing load cases should include a detailed analysis of fatigue load cases, including their
load spectra and corresponding material allowables (see e.g. [40]).
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