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Abstract

This thesis presents the work done to implement new computational tools
and methods dedicated to aircraft conceptual design sizing and optimization.
These tools have been exercised on different aircraft concepts in order to
validate them and assess their relevance and applicability to practical cases.

First, a geometry construction protocol has been developed. It is in-
deed essential to have a geometry description that supports the derivation
of all discretizations and idealizations used by the different analysis modules
(aerodynamics, weights and balance, stability and control, etc.) for which an
aircraft concept is evaluated. The geometry should also be intuitive to the
user, general enough to describe a wide array of morphologies and suitable
for optimization. All these conditions are fulfilled by an appropriate param-
eterization of the geometry. In addition, a tool named CADac (Computer
Aided Design aircraft) has been created in order to produce automatically
a closed and consistent CAD solid model of the designs under study. The
produced CAD model is easily meshable and therefore high-fidelity Compu-
tational Fluid Dynamics (CFD) computations can be performed effortlessly
without need for tedious and time-consuming post-CAD geometry repair.

Second, an unsteady vortex-lattice method based on TORNADO has been
implemented in order to enlarge to scope of flight conditions that can be
analyzed. It has been validated satisfactorily for the sudden acceleration of a
flat plate as well as for the static and dynamic derivatives of the Saab 105/SK
60.

Finally, a methodology has been developed to compute quickly in a semi-
empirical way the buffet envelope of new aircraft geometries at the conceptual
stage. The parameters that demonstrate functional sensitivity to buffet onset
have been identified and their relative effect quantified. The method uses
a combination of simple sweep theory and fractional change theory as well
as the buffet onset of a seed aircraft or a provided generic buffet onset to
estimate the buffet envelope of any target geometry. The method proves to
be flexible and robust enough to predict within mainly ±5% (and in any case
±9%) the buffet onset for a wide variety of aircrafts, from regional turboprop
to long-haul wide body or high-speed business jets.

This work was done within the 6th European framework project SimSAC
(Simulating Stability And Control) whose task is to create a multidisciplinary
simulation environment named CEASIOM (Computerized Environment for
Aircraft Synthesis and Integrated Optimization Methods), oriented toward
stability and control and specially suited for aircraft conceptual design sizing
and optimization.
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Overview and Summary
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Chapter 1

Introduction

1.1 The conceptual design of aircraft

The aircraft design process typically consists of three consecutive, sometimes over-
lapping, phases with an increasing level of complexity and fidelity, both as regards
the aircraft geometry and the analysis tools at use. Those three phases are: con-
ceptual design, preliminary design and detailed design.

During the conceptual design phase, the main features of the future aircraft are
defined and the geometrical layout frozen, no major modifications being expected
thereafter unless significant problems are encountered. Extensive use is made of the
virtual prototyping concept since the aircraft only exists as specifications, as an idea
in the designer’s mind, as a few sketches drawn on some sheets of paper, and more
and more as a computer model used for various simulations. At this stage of the
design, numerous concept morphologies have to be studied and analyzed in limited
time. Once a layout is chosen, it is subjected to successive refinements (see Fig.1.1)
until the target requirements are met and the concept is considered sufficiently
mature for a wind tunnel model to be built and tested. Therefore, procedures to
vary the geometry in a simple and intuitive manner as well as time-efficient analysis
methods are needed.

Traditionally, conceptual stage analysis relies heavily on handbook methods and
the different analysis subspaces (aerodynamics, structures, propulsion, systems etc.)
tend to be segregated. This is a legacy of the Cayley design paradigm (see [3] p.7-8)
which assumes that the different mechanisms required for flight can be considered
separately, in particular lift and thrust.

This design philosophy faces two challenges. First, the everlasting quest for
higher performance and efficiency leads to the emergence of highly integrated de-
signs based on tight coupling and interaction of the sub-components of the aircraft.
For example, subsequent gains can be expected from taking advantage of the aeroe-
lastic effects as early as conceptual stage in order to enhance the aircraft aerody-
namic and stability and control characteristics. Therefore, during multidisciplinary
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Figure 1.1: Raymer’s illustration [2] of the conceptual design process (©Daniel
Raymer with permission).

design and optimization of large-scale aeronautical systems, an equilibrium has to
be found between system decomposition and inter-disciplinary interaction, as de-
scribed by Kroo et al[4] for collaborative optimization methods. Second, handbook
methods based on statistical data and previous experience can only give reason-
able results for classical aircraft layouts, i.e. a cigar-shaped fuselage with wings
and rear-mounted empennage. But they fail to predict accurately the behavior of
unconventional aircraft layouts that are increasingly proposed and studied in order
to tackle ever more challenging market specifications. Topical examples are flying
wings, box wings, high speed transport aircraft, etc.

This new design philosophy does not mean that the traditional tools have to
be discarded, experience and know-how being invaluable; it implies that new tools
need to be developed and used in complement in order to rely less on statistical
and empirical data.

1.2 Scope of the work

In view of the need for more accurate and flexible analysis tools, the work presented
in this thesis is part of an effort to implement and integrate new tools and methods
for conceptual design and is mainly oriented toward aerodynamics. Fig.1.2 gives
an overview of the work presented in this thesis and illustrates how the different
topics addressed fit together as part of the development of an high-end low fidelity
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aerodynamic package in order to replace the semi-empirical methods used for sta-
bility and control predictions (e.g. DATCOM[5]). This aerodynamic package has
been integrated with a structural analysis module, named NeoCASS (Next Gen-
eration Conceptual Aero-Sizing Suite), in cooperation with Politecnico di Milano
who was in charge of the structural module. NeoCASS is to be later coupled to
a flight-control system design module. Indeed, substantial benefits are expected
from the ability to design simultaneously and in a integrated manner the aircraft
aerodynamics, structure and flight control system.

Figure 1.2: Relational diagram showing the scope of work performed.

Different aspects of the aerodynamic analysis have been addressed and exer-
cised. The vortex lattice method Tornado[6] (www.redhammer.se/tornado) has
been enhanced to deal with unsteady flows, thus enabling the analysis of complex,
realistic in-flight motion. The Tornado software itself have been used to perform
aerodynamic optimization as part of a sensitivity study of a transonic transport air-
craft concept. In addition, considering the lack of buffet onset prediction method
adapted to conceptual design, a semi-empirical methodology has been developed
and implemented in Tornado. Finally, continuous and substantial investigation has
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been done as regard the geometry construction procedure and geometry parameter-
ization; and as a result, the automation of the generation of a parameterized CAD
(Computer Aided Design) model has been implemented in order to streamline the
use of high-fidelity Computational Fluid Dynamics (CFD) earlier in the conceptual
design process.

1.3 The SimSAC project

The work performed and presented in this thesis has been integrated in a wider
simulation environment named CEASIOM [1, 7] (Computerized Environment for
Aircraft Synthesis and Integrated Optimization Methods) currently under develop-
ment in the SimSAC project (www.simsacdesign.eu). SimSAC stands for Simulat-
ing Stability and Control and is a 6th European framework project. The mission
of SimSAC is to enhance the conceptual design and early preliminary design pro-
cesses by developing the integrated digital design and decision making environment
CEASIOM using tools with adaptive fidelity. CEASIOM is a multidisciplinary sim-
ulation environment , oriented toward stability and control analysis and specially
suited for aircraft conceptual design sizing and optimization. Fig.1.3 shows the
high-level arrangement of the different analysis modules of the CEASIOM software;
and the work discussed in this thesis is outlined in red.

Figure 1.3: The different modules of the CEASIOM software.

Fig.1.3 illustrate that CEASIOM encompasses a wide array of analytical tools
dedicated to the main fields of aircraft conceptual design:
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• Geometry construction module (CADac) that is the depository for the unique
geometry description used by all the other analysis modules . CADac also
enables automatic CAD model generation by mean of the Application Pro-
grammer Interface (API) CAPRI to interact with commercial CAD packages.

• Aerodynamic module (Aerodynamic Model Builder AMB-CFD) including
steady and unsteady Tornado vortex lattice code, inviscid Edge CFD code
and RANS (Reynolds Averaged Navier-Stokes) flow simulator.

• Stability and control (S&C) module enabling six Degrees of Freedom flight
simulation and performance prediction using either the SDAS (Simulation
and Dynamic Stability Analysis) module developed within SimSAC or the J2
Universal Tool-kit (www.j2aircraft.com).

• Aeroelatic module NeoCASS enabling quasi-analytical structural analysis meth-
ods, linear/non-linear beam model, linear equivalent plate model, buffet onset
alleviation and flutter prediction.

• Flight Control System Design Module (FCSDT) for flight control-law formu-
lation enabling flight control system design philosophy and architecture to be
considered as early as conceptual design.

• Decision Support System (DSS) module including issues such as fault toler-
ance and failure tree analysis.

CEASIOM does not however carry out the entire conceptual design process. It
requires as input an initial layout of the baseline configuration that it then refines
and outputs a revised layout.

Some integrated design environments exist such as Roskam’s AAA[8], RDS[2],
Piano[9] and ACSYNT[10] but they are usually based on digitalized handbook
methods. CEASIOM includes handbook methods as well as tools with different
levels of fidelity among which the designer can choose which one is adequate. Indeed
a better integration of computational simulations and multidisciplinary design is the
key to more rapid and accurate development because it allows the design engineer
to optimize the aircraft design holistically in order to be ”first-time-right”, even
when considering unconventional designs.





Chapter 2

CADac: Computer Aided Design
Aircraft

The key to an integrated multidisciplinary analysis environment is a unified ge-
ometry description protocol that ensures that all the different analysis modules
refer to the very same geometry. Indeed, when different aspects of aircraft design
are entrusted to different specialists with different analysis tools, inconsistencies
or discrepancies between the geometries studied in the different modules often ap-
pear. This is a consequence of the very different requirements of these modules
as regard the geometrical data description. Considering the wing for example, a
vortex-lattice method requires information about the planform as well as the mean
camber surface whereas for the structural model, the thickness distribution will be
crucial and a CFD computation requires a full and smooth description of the wing
shape.

The CADac (CAD-aicraft) tool, presented in Paper A, addresses these issues
and presents two facets. First, it handles the unified geometrical description of the
aircraft under design; and second, it enables automatic generation of CAD solid
models suitable for CFD analysis.

2.1 A fully parameterized geometry description

In CEASIOM, the aircraft geometry is fully described by a set of parameters that
drive a quasi-analytical representation of the design. This is based on the work
done by Isikveren as part of his PhD [11]. The parameters describing the aircraft
are intuitive and informative to the designer and enable to describe a wide array
of aircraft morphologies, even unconventional ones. To have a fully parametric
geometry description enables to easily perform optimization or trade-study analysis
on any component of the aircraft.

Such an optimization has been performed for the aerodynamic analysis of a
transonic cruiser concept proposed by Saab as a test case. At first, as presented in

9
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appended Paper B, low speed aerodynamic and structural analysis have been per-
formed sequentially: first an aerodynamic optimization has been done and then the
structural sizing and optimization. This paper was focusing on low speed analysis
so the aerodynamic investigation consisted in a sensitivity study of optimized plan-
form to minimize the thrust-to-weight ratio for different target climb angles during
the third climb segment flight phase, where the aircraft configuration is clean and
the Mach number 0.38. Although it is not the main focus of the design of the TCR,
such a study is relevant for noise abatement and obstacle clearance assessment. It
appeared that the wing area could be reduced by up to 20 m2 without affecting
the climb performances. This study only concerned one aspect of the design of the
TCR but the goal was to exercise the NeoCASS suite and assess its suitability. Fur-
ther work is planned with a full-fledged Multi-Disciplinary Optimization (MDO)
implying aerodynamics, weight and balance and structural analysis.

2.2 Automatic CAD solid model generation

Although three-dimensional parametric solid modeling pervades many aspects of
modern-day aerospace aircraft development, the level of integration of such tech-
niques during the conceptual design phase is not close to being complete. Geometry
construction does not typically exceed sophistication beyond 2D visualization, e.g.
the traditional three-view. Some dedicated aircraft conceptual design packages -
such as the aforementioned AAA[8], RDS[2], Piano[9], ACSYNT[10] or QCARD[11]
- typically construct 3D (three-dimensional) surfaces by geometrical lofting tech-
niques. Some standalone geometry construction tools for aircraft such as RAGE
[12] also exist. The major drawback of these tools is that they can neither sup-
port increasing sophistication in geometric definition with growing design maturity,
nor are they compatible with any industrial-grade CAD software. package, i.e. you
need to start from a ”clean sheet” to create a CAD model of the design under study.
But, stemming from the concept of virtual prototyping and in order to streamline
the traditional design process, it is useful to be able to generate as easily and
early as possible a CAD model. In addition, considering the continuous increase
in computer performance, it is nowadays conceivable to use CFD very early in the
conceptual design phase, if not the pre-concept phase, of aircraft. This requires the
generation of a CAD model suitable for CFD computations.

The generation of such a CAD model is usually a tedious and time-consuming
process because two difficulties arise. First, the geometrical definition required for
a CAD model is more demanding than the limited number of geometry related
design parameters defined by the designer, which raises in addition the problem
of the consistency between the CAD generated model and the aircraft concept of
the designer. Secondly, the produced CAD model should be closed and consistent
in order to enable easy problem setup of CFD computations, i.e. effortless mesh
generation without need for post-CAD geometry repair. The CADac tool overcomes
these difficulties because it automates the generation of closed and consistent CAD
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models via the implementation of the parameterized approach presented before.
A similar tool is currently under development at Embraer[13] but seems to be
focusing on later phases of the aircraft design, after conceptual design, when much
more geometry details are known and investigated. CADac focuses on conceptual
phase geometry and the generation of a CAD model from the quite limited number
of geometry parameters known at that stage.

CADac allows the user to work at will with four different CAD systems: Solid-
Works™, CATIA V5™, Unigraphics™and Pro-Engineer™. To interact equally with
these different CAD packages, CADac uses the Application Programmer Interface
(API) CAPRI [14][15] (www.cadnexus.com) which provides a common unified in-
terface to each of these. CAPRI enables to access and modify the feature tree of the
CAD parts it deals with and therefore to modify and regenerate them. In addition,
CAPRI also provides a surface triangulation of these CAD parts. The use of the
CAPRI interface ensures that no CAD expertise is needed to run CADac.

CADac is based on the master model concept: all the CAD components that
can possibly be constituents of the aircraft have been created in a parameterized
way and stored in libraries of aircraft components (one for each CAD kernel) from
which the aircraft model can be created through a process of assembly and sizing
that emulates as closely as is practical the way an engineer designs an aircraft. This
process is described in more details in Paper A.

Since CADac enables automated CAD solid model generation, the possibilities
for automated tetrahedral mesh generation were investigated. Several different pro-
cesses, both commercial and open-source, have been considered and experimented
in order to assess the feasibility of streamlining the whole process, from aircraft pa-
rameterization to CAD model and then mesh generation and CFD computations.
The envisioned processes are summarized in Fig.2.1.

Figure 2.1: The different processes considered for mesh generation.
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Tetgen (tetgen.berlios.de) and Gmsh3D are open-source tetrahedral mesh gener-
ators. Yams and Gsh3D are distributed by Distene (www.distene.fr); Yams is a sur-
face mesh optimizer and Gsh3D the associated tetrahedral mesh generator. Gridgen
(www.pointwise.com/gridgen), Gambit (www.fluent.com/software/gambit) and Icem
CFD (www.ansys.com/products/icemcfd.asp) are sophisticated commercial mesh
generators.

Presently, quasi-auto mesh generation has been achieved using the Yams soft-
ware in order to smoothen and enhance the quality of the surface tesselation gen-
erated by CAPRI and then running Gsh3D for the volume mesh generation. But
the quality of the produced mesh is not yet satisfying. The manual mesh gener-
ation process is very simple and straight-forward. Indeed, emphasis has been set
on the quality of the solid model generated by CADac in order to ensure that it
is closed and consistent. Therefore for any CAD model produced by CADac, no
post-CAD geometry repair is required and a mesh can be generated within minutes
in a ”hand’s-on-light” fashion, i.e. with minimal user intervention.

To summarize, CADac enables to automatically create closed and consistent
CAD models without requiring CAD expertise. It therefore allows to use effortlessly
CFD earlier and consequently gives the designer the possibility to use tools with
inter-laced fidelity at the conceptual design phase.

2.3 Application to the example of the DLR F12

As an illustration of the relevance of the chosen parameters and the usefulness of
the CADac tool, the original geometry of the DLR F12 (see Fig.2.2) wind tunnel
model has been emulated using CEASIOM’s parameterization and a CAD solid
model has been generated using CADac.

Figure 2.2: Three view of the DLR F12 geometry.
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Euler computations have been performed for the original CAD model and for
the parameterized CAD model of the F12 using a similar mesh and in the same
flight conditions (Mach 0.8 with 2 degrees angle of attack at 10,000 m altitude, ISA
conditions). The results are presented in Fig.2.3 where Fig.2.3(a) shows the flow
on the wing of the original CAD model and Fig.2.3(b) shows the flow on the wing
of the parameterized CAD model generated by CADac.

(a) Euler computations for the origi-
nal CAD model.

(b) Euler computations for the pa-
rameterized CAD model generated by
CADac.

Figure 2.3: Comparison of the Euler computations for the original F12 CAD model
and the parameterized one.

Considering the quite low level of geometrical details communicated about the
original F12, Fig.2.3 demonstrates good adequacy between the two flow predictions
which exhibit similar features such as the shock positioned close to the leading edge
and the overall pressure coefficient repartition. With more precise data about the
original F12 geometry, the parameterized model in CADac could be refined and
better adequacy could be reached. These results highlight that the parameterized
description of the geometry with CADac is relevant and sufficiently detailed to
produce an aircraft model that exhibits similar flow characteristics as the original
CAD model of the F12. It should be noted in addition that this original CAD model
has been considered sufficiently mature to support the production of a wind-tunnel
model.





Chapter 3

An unsteady vortex lattice method
based on Tornado

Tornado[6] (www.redhammer.se/tornado) is a 3D-vortex lattice software developed
by Tomas Melin at the department of aeronautical and vehicle engineering of the
Royal Institute of Technology (KTH), Stockholm, Sweden. It is based on stan-
dard vortex-lattice theory, stemming from potential flow theory, and the classical
”horse-shoe” arrangement has been replaced by a ”vortex-sling” arrangement, i.e.
the horse-shoe is flexible and consists in seven segments of equal strength instead
of three. Tornado is particularly relevant to predict accurately the aerodynamic
characteristics of any lifting surfaces arrangement, event unconventional ones, be-
cause it supports multi-wings with swept, tapered, cambered, twisted and cranked
wings with or without dihedral as well as any number of control surfaces. Tornado
is being very widely used, both in industrial and academic environment.

Tornado has been expanded to unsteady flows. This enables not only to model
in-flight manoeuver but also to perform dynamic aeroelastic computations if cou-
pled to a structural model of the aircraft. The core computations are very similar
to the steady Tornado except that the wake influence has to be considered and
some typically unsteady terms have to be taken into account in the calculation of
the forces and moments. These additional features are discussed in the following
sections.

3.1 Modifications to Tornado

Flight path information

At each time step, all the flight path characteristics have to be updated: speed,
angle of attack, angle of sideslip, pitch, roll and yaw rates, vertical and horizontal
heaving motion speeds. In addition, since a wake model is implemented, at each
time step, a new row of wake vortices is shed at the trailing edges of the lifting

15
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surfaces and the already existing wake vortices are moved downstream according
to the flow characteristics. As discussed by Katz and Plotkin [16], the newly shed
wake vortices are positioned on the path covered by the trailing edge during the
current time step at 0.25 the distance covered by the trailing edge in order to correct
for the wake-discretization errors.

Calculation of the strength of the vortices in the lattice

As in Tornado, the condition of zero normal flow across the solid surface boundary
gives a set of algebraic equations whose resolution gives the strength of the votices
of the vortex-lattice. But in the unsteady case, the normal velocity component is
a combination of the self-induced velocity, the kinematic velocity and the wake-
induced velocity.

The self-induced velocity is represented by a combination of the influence coeffi-
cients exactly as in the steady flow case. These coefficient are arranged in a matrix
A where the coefficient aij describes the influence of the panel j on the panel i
(see [6] (www.redhammer.se/tornado) for more details). The normal velocity com-
ponent due to the motion of the wing is known from the kinematic equations. It
has to be recomputed at each time since the kinematic characteristics are time-
dependent. The velocity induced by the most recent wake vortices (that have just
been shed from the trailing edge) is unknown but their influence coefficients aiWj
are known (aiWj describing the influence of the wake vortex Wj of the first row of
wake vortices on the panel i). If N is the total number of panels, Ns the number of
spanwise panels and Nc the number of chordwise panels, then at each time step, Ns
new wake vortices are shed at the trailing edge of the wing. The strength of these
newly shed wake vortices is resolved by adding additional equations corresponding
to the Kelvin condition for each chordwise stripe of panels and the corresponding
downstream newly shed wake vortex:







∑Nc
i=1

Γ(i, t−∆t)−
∑Nc
i=1

Γ(i, t−∆t) + ΓW1
= 0

...
∑N
i=N−Nc+1

Γ(i, t−∆t)−
∑N
i=N−Nc+1

Γ(i, t−∆t) + ΓWNs = 0

(3.1)

where Γ(i, t) is the strength of the vortex located on panel i at time t and ΓWj is
the strength of the jth newly-shed vortex.

The strength of the other wake vortices (shed at the previous time-steps) is
known from the previous time steps and therefore their effect on the normal velocity
is known. At each time step, these vortices are moved downstream accordingly to
the flow kinematics. In addition, as discussed by Sequeira, Willis and Peraire [17],
the effect of the wake vortices located further than 40 chord lengths (approximatly
corresponding to 5 span lengths in most cases) downstream is negligible.

So, at each time-step t, Ns new wake vortices are shed and specifying the bound-
ary condition for each of the collocation points and the Kelvin condition for the
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newly shed wake vortices results in the following set of algebraic equations:
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(3.2)
where I is the identity matrix. And:

B =






V 0

. . .

0 V




with V = (1 · · · 1)

︸ ︷︷ ︸

Nc times

The first N equations express that the normal velocity at each collocation point
is zero. The last Ns equations represent the Kelvin condition Eq. (3.1) for each
chordwise stripe of panels of the wing and the corresponding newly shed wake vortex
downstream. And the RHSi term describe the normal velocity induced on panel i
by the flow kinematics as well as by the wake vortices shed at previous time-steps.

The resolution of this system of equations at each time-step gives the strength
Γ(i, t) of each vortex of the lattice and ΓWj of each newly shed wake vortex.

Calculation of the momentary forces and moments

The vortex lattice method computes forces and moments directly from the vortex
strength and the free-stream velocity. For each panel, the force and moment are
determined using the unsteady vector form of the Kutta-Joukowsky theorem as
described by Mark Drela [18]:

−→
f lift = ρΓ

−→
V × ŝ+ ρ

∂Γ

∂t

c

|
−→
V⊥|

−→
V × ŝ (3.3)

−→mlift = ∆−→r ×
−→
f lift +

1

2
ρ|
−→
V⊥|

2c2cmŝ (3.4)

where the normal speed is:
−→
V⊥ =

−→
V − (

−→
V .ŝ)ŝ (3.5)

and ρ is the air density, Γ the strength of the horse-shoe vortex associated to the
panel, c is the panel chord, ŝ the coordinate vector of the panel, cm its 2D pitching
moment and ∆−→r the coordinate vector relatively to the reference point.

At each time-step, Eq.(3.3) and (3.4) give the lift and moment for each panel;
then the total lift and moment of the whole wing are computed by summing the
contributions of each panel.
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Vortex wake rollup

Since the wake is force-free, each wake vortex must move with the local stream
velocity which is a combination of the flow velocity, the self-influence of the wake
and the influence of the wing on the wake.

3.2 Validation for the Saab 105/ SK 60

As presented in appended Paper C, the unsteady Tornado software has been vali-
dated for the sudden acceleration of a flat plate and for the main static and dynamic
derivatives of the Swedish jet trainer Saab 105/SK-60. Fig.3.1 shows the SK-60 ge-
ometry and its modelization in Tornado. The results for the SK-60 are presented
in Fig.3.2.

(a) 3 view drawing of Saab 105 (b) 3 view Tornado representation of Saab
105

Figure 3.1: Saab 105 and its modelization in Tornado.

Considering the level of detail of the SK-60 modelization used for this analysis
and once some specific phenomenon, not yet accounted for in Tornado (end-plate
effect), are corrected for, the predicted static and dynamic derivatives demonstrate
good conformity with the experimental values, thus validating unsteady Tornado.
These results could be even further improved by a finer modelization of the SK-60
geometry. In particular, numerical experimentations highlighted that the lateral
derivatives are very sensitive to the fuselage modelization.



Figure 3.2: Relative error of the unsteady Tornado predictions for the static and
dynamic derivatives of the SK-60.





Chapter 4

A new buffet onset prediction
method

Buffet is an aeroelastic phenomenon that is often overlooked during conceptual
design due to the lack of quick and accurate estimation method available.

Buffet is defined as the excitation given to a lifting surface by separated flow
and the buffeting is the response of the structure. The occurring vibrations in
the flexible modes of the structure affect strongly the aircraft aerodynamic perfor-
mances and can also lead to structural damages. It is therefore very relevant for
the designer to ensure that buffet does not impose too constraining limitations to
the flight envelope; and it is essential for the pilot to know the buffet boundary.
Nevertheless, although it is a certified operational limit, the buffet onset does not
impose a strict physical limit to the flight envelope; it just sets a boundary between
a safe flight domain and a flight domain where the pilot encounters serious problems
of control and the aircraft supports severe steady or fatigue loads.

4.1 Current methods

The current methods for assessment of the buffet envelope of a new aircraft are still
quite rustic and mostly experimental. The first way is to extrapolate it from the
buffet onset of an already existing aircraft whose geometry is close to the target one
and whose buffet envelope is known. But the results of this method are consistent
only for a target aircraft very similar to the initial one and it thus leaves little
scope for design freedom. Another way to predict buffet envelope is to use wind-
tunnel experiment; but this is known to be fairly inaccurate. Computational fluid
dynamics can also be used; however it is very time and computationally expensive.
And finally, the best way to know the buffet onset is of course the flight test; but
this is obviously not relevant for a conceptual design stage analysis. An additional
and non-negligible drawback of the currently existing buffet prediction methods is
that they are mostly proprietary.
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Therefore, a new semi-empirical buffet onset prediction method has been devel-
oped and is presented in this thesis. But before looking at the technical details of
this method, and as an illustration of its accuracy and flexibility compared to other
existing conceptual stage buffet onset estimation methods, Fig.4.1 shows the buffet
onset for the Saab 2000 and the Boeing 747-100 as predicted by different methods:
a method developed at Bombardier Aerospace[19], another at Airbus[20] and the
method proposed by the author that it presented in section 4.2 and in Paper D.
In addition the actual buffet onset curves and ±5% error bandwidth are shown as
well.

The Saab 2000 and Boeing 747-100 have been chosen as examples because they
are radically different designs, with distinct mission roles and geometrical attributes,
the Saab 2000 being a medium regional aircraft with two wing-mounted turboprops,
low sweep wing operating at high subsonic Mach numbers whereas the Boeing 747-
100 is a very large wide-body aircraft with four under-wing podded engines, high
sweep wing operating at high transonic Mach numbers. Fig.4.1(a) clearly shows
that both methods used by Airbus and Bombardier fail to give an estimation, even
rough one, of the buffet onset of the Saab 2000 and can therefore not be used in that
case. But the new method successfully predicts the buffet onset of the Saab 2000
with an error of less than 5% up to maximum operating mach number (Mmo). For
the Boeing 747-100 (see Fig.4.1(b)), although giving more satisfying results than
for the Saab 2000, Airbus’ and Bombardier’s method fail to fit consistently within
an error bandwidth of ±5% and to predict accurately the geometrical progression
of the buffet onset for Mach numbers betwen climb and Mmo. But the method
proposed in this thesis predicts a buffet onset with moslty less than 5% error for
most Mach numbers up to the Mmo and exhibits good geometrical progression
properties. It should be noted that the buffet onset predicted with the author’s
method exhibits a typical geometrical progression for such an aircraft flying at high
transonic speed. Indeed, the rate of reduction in CLB with increasing Mach number
decreases (flatening of the curve) for Mach numbers between approximately 0.65
and 0.8; this is due to flow re-enerigzation because a complex 3D shock system
appears on the wing at these Mach numbers and promotes transonic attachment.

In fact the flaw of the methods used by Airbus and Bombardier is that they
do not account for any dependency of the effect of the different characteristics of
the wing with respect to the Mach number and therefore fail to account for the
different causes of flow separation. Indeed, buffet onset is due to flow separation
on the wing and this separation has different causes depending on the speed:

• for subsonic speeds (approximately M ≤ 0.5), buffet onset is due to leading-
edge flow separation.

• for low-transonic speeds (aproximately 0.5 ≤M ≤ 0.75), flow separation can
be either leading-edge or shock-induced or a combination of the two.

• for mid-transonic speeds (aproximatelyM ≥ 0.75), flow separation is primar-
ily due to the presence of a strong shock on the wing.
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(b) Boeing 747-100.

Figure 4.1: Comparison of predicted buffet onset with different methods for a
regional turboprop and a jumbo jet.
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To summarize, Fig.4.1 clearly highlights the advantages of the new proposed
method for buffet onset prediction. By predicting accurately the values of the
buffet onset and its geometrical progression, the proposed method proves to be
more accurate and flexible than other available methods.

4.2 Proposed method

Considering that the buffet onset prediction still poses important problems, the
aim was to provide a tool that enables to compute the 1g buffet onset of a target
wing geometry when the geometry of a seed wing, whose buffet onset is known,
is modified. Of course, the concern was also to point out the parameters whose
influence on the buffet is relevant and that are already known or studied at the
conceptual design stage. Since the buffet is the result of flow separation, the wing
buffet is the main subject of concern and the following study only deals with buffet
resulting from flow separation on the main wing of the aircraft. In addition, the
method apply to the ESDU equivalent of the wing, i.e. a trapezoidal wing whose
performances are assumed to be similar to those of the actual wing (see [21] for
more details about the ESDU reference wing convention).

Based on the results from systematic wind tunnel experiments performed by
Mabey[22] and through further numerical experimentations, six parameters describ-
ing the planform and tip airfoil section have been identified as having a relevant
influence on the onset of buffeting of the wing:

• the aspect ratio AR of the equivalent ESDU reference wing.

• the taper ratio λ of the equivalent ESDU reference wing.

• the lquarter-chord sweep ΛQchd of the equivalent ESDU reference wing.

• the maximum thickness-to-chord ratio (t/c) of the tip airfoil.

• the chordwise position Xt/cmax of the maximum thickness of the tip airfoil.

• the maximum camber c of the tip airfoil.

The method is based on a combination of simple sweep theory [23] and fractional
change analysis [24] which ensures the validity of the results even if the target
aircraft is very different from the seed one. It is described in more details in the
following sections and in Papers C and D. The theory presented in part of Paper
C and in Paper D is the same but is described in more details in Paper D and the
results presented in Paper D are more refined. Starting from the buffet onset of a
seed aircraft, the computation of the buffet boundary of a new geometry is done
in three successive stages. In the following, the index 0 refers to the seed geometry
(whose buffet onset is known) and the index 1 to the new target geometry (whose
buffet onset is researched).
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Relate to 2D wing

First of all, using the simple sweep theory,the 3D buffet onset (M0,CLB0) and
section of the seed wing are related to the 2D wing section with respect to the
sweep Λt/cmax0 of the line of maximum thickness in the following manner:

MB0,2D = M0. cos Λt/cmax0 (4.1)

CLB0,2D = CLB0 sec2 Λt/cmax0 (4.2)

(t/c)0,2D = (t/c)0 sec Λt/cmax0 (4.3)

c0,2D = c0 sec Λt/cmax0 (4.4)

And for the target geometry:

(t/c)1,2D = (t/c)1 sec Λt/cmax1 (4.5)

c1,2D = c1 sec Λt/cmax1 (4.6)

Note that the sweep Λt/cmax is linked to the quarter chord sweep by the following
relation:

tan Λt/cmax = tan ΛQchd +
4

AR
.
λ− 1

λ+ 1
.(Xt/cmax −

1

4
) (4.7)

Fractional change

Through numerical experimentation, it was established that the variation of the
2D buffet lift coefficient CL2D with respect to the 2D the Mach number M2D is
suitably described by the following expression:

CLB,2D = (1 + τΛt/cmax)
α(1 + ω(t/c))β(1 + ϑc)γΘ(M2D) (4.8)

where Θ(M2D) is a reference curve only depending upon Mach number and not
upon the geometrical parameters. It corresponds in fact to the buffet onset of a
straight untapered flat plate. (τ ,α,ω,β,ϑ,γ) are coefficients to be determined and
can all theoretically vary with the Mach number M2D.

Applying fractional change to Eq.(4.8) for varying geometrical parameters and
keeping in mind that Θ(M2D) does not depends on these coefficients, we obtain:

⊳CLB,2D =
CLB1,2D − CLB0,2D

CLB0,2D

def.
= ΦΛt/cmax

Φ(t/c)Φc− 1 (4.9)

where

ΦΛt/cmax
|M2D

=

[

1 +
τΛt/cmax0

τΛt/cmax0 + 1
.⊳ Λt/cmax

]α

(4.10)

Φ(t/c)|M2D
=

[

1 +
ω(t/c)0,2D

ω(t/c)0,2D + 1
.⊳ (t/c)2D

]β

(4.11)

Φc|M2D
=

[

1 +
ϑc0,2D
ϑc0,2D + 1

.⊳ c2D

]α

(4.12)
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where the angles Λt/c are expressed in degrees.
Applying the fractional change expression Eq.(4.9) to the seed wing, the 2D

buffet onset (M2D,1,CL2D,1) of the new wing is obtained from:

MB1,2D = MB0,2D (4.13)

CLB1,2D = CLB0,2D. (1 + ⊳CLB,2D) (4.14)

Back to 3D wing

Then, using the simple sweep theory again, the 3D buffet onset of the target geom-
etry is computed:

Mbuffet,1 = MB1,2D sec Λt/cmax1 (4.15)

CLbuffet,1 = CLB1,2D. cos2 Λt/cmax1 (4.16)

To apply Eq.4.14, the coefficient (τ ,α,ω,β,ϑ,γ) are needed. Their quantification
is presented in Paper D where it will also be shown that they exhibit functional
sensitivity to the different phenomenon responsible for flow separation inducing
buffet.

In addition, in case no seed buffet onset is available, a generic buffet curve and
associated generic wing have been computed and can be used to evaluate the buffet
envelope of any target geometry, even if no in-house known seed aircraft buffet
onset is available.

4.3 Results

Starting from the aforementioned generic reference wing and associated buffet onset,
the buffet envelopes for a wide array of very different aircrafts have been computed.
The results are summarized in Fig.4.2 which shows the relative error between pre-
dicted and actual buffet onset for these aircrafts over a range of Mach numbers
that covers typical initial climb, en route climb, descent and cruise speeds up to
Maximum Operating Mach number (Mmo). It is highlighted that the aircrafts, for
which the buffet onset was estimated, present very varied morphological charac-
teristics and mission roles, from high-speed business jets to regional turboprop or
long-haul wide body aircrafts.

Fig.4.2 illustrates that for any aircraft in any en-route flight phase, most pre-
dictions for buffet onset clearly fall within a relative error of ±5% with some occa-
sional excursions that never exceed ±9%. This result is satisfactory in relation to
expected performance for purpose of conceptual design predictions. The method
therefore proves to be consistent, flexible and sufficiently robust for application to
most contemporary transport aircrafts.
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Chapter 5

Conclusion

Rationalization of the aircraft design process and better integration of the different
disciplines for a more global understanding are not new topics but they can now
be more easily implemented, considering the steady increase of computer perfor-
mances. The work presented in this thesis is part of such an integration effort
within the European project SimSAC. The goal is to refine and enlarge the array of
tools available in order to enhance the designer’s knowledge and insight about the
design during the conceptual phase. Thus, the possible flaws and/or shortcoming
of a design concept can be identified and addressed upfront in order to avoid costly
later redesign or modification. Methods and tools with different levels of fidelity
have been developed and presented here.

First, a tool named CADac (Computer Aided Design Aircraft) has been devel-
oped in order to handle the geometry construction of a design concept and automate
the generation of a CAD model of this aircraft. CADAc ensures geometrical consis-
tency throughout the different analysis modules and up to the CAD model. Since
the produced CAD model is closed and consistent, it is suitable for high fidelity
CFD (Computational Fluid Dynamics) computations because a mesh can be cre-
ated effortlessly. CADac therefore enables to use CFD very early in the conceptual
design , either in order to identify specific flow characteristics or to benchmark or
complete the aerodynamic results given by lower fidelity methods commonly used
during conceptual design phase. The quality and suitability of the parameterization
and the automatic CAD model generator have been demonstrated on the example
of the DLR F12 geometry.

Second, the three-dimensional vortex-lattice software Tornado has been ex-
panded to allow the simulation of unsteady flows, which enables to model more
realistic motions, manoeuver flight and also flight conditions with real-time aeroe-
lastic effects. It has been validated for the sudden acceleration of a flat plate and
for the prediction of the static and dynamic derivatives of the Swedish jet trainer
Saab 105/SK-60.

Finally, a new semi-empirical method for buffet onset prediction has been devel-
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oped and validated for a wide array of aircrafts. Six wing related design parameters
have been identified as having functional sensitivity with the maximum attainable
lift coefficient for buffet onset: reference wing aspect ratio, reference wing taper
ratio, reference wing quarter-chord sweep, wingtip airfoil maximum thickness-to-
chord ratio, wingtip airfoil maximum thickness chordwise position and wingtip
airfoil maximum camber. This method is simple enough to be implemented at
conceptual design stage; yet it demonstrates physical consistency as regard the dif-
ferent causes of the buffeting at different Mach numbers. Compared to other similar
methods, it proves to be more robust and flexible because it predicts within mostly
±5% (and in any case less than ±9%) the buffet onset curve of very varied mor-
phologies, from business jet to long-haul wide body aicraft or regional turboprop,
over a Mach number range covering all the flight phases. The developed buffet
onset prediction method has been relied over to Bombardier Aerospace, Embraer
as well as Airbus which all showed great interest in it.



Chapter 6

Future work

The intention is to integrate even more the tools developed by linking them more
tightly to stability and control analysis and the flight control system design module
within CEASIOM in order to have a full-fledged multidisciplinary analysis suite
that enables to truly envision the aircraft concept as an integrated design. The
CEASIOM environment will be exercised on a variety of aircrafts concepts, both
classical and unconventional ones, in order to assess the quality of the tools and
quantify the gains provided, both as regard time savings, phenomenons understand-
ing and prediction accuracy, during the conceptual design phase.

First CADac is now intended to be used to perform analysis for the transonic
cruiser TCR for which the use of Euler computation is particularly relevant because
both the handbook methods and low-fidelity aerodynamics tools, such as Tornado,
fail to give accurate results in the transonic regime. It is indeed very important
to predict properly the aerodynamics of the TCR since a shift of the aerodynamic
center is expected at cruise speed (Mach 0.97) and will therefore deeply affect its
stability and control properties.

Secondly, a complete analysis will be performed for a very light jet aircraft con-
cept whose morphology relies on a direct lift control implementation by the use of
tandem asymmetrical wings in a so-called ”Z-configuration”[25] (see Fig.6.1). This
very unconventional concept has been imagined by A.T. Isiveren and represents a
design challenge both for aerodynamics, structures, stability as well as flight con-
trol system design. Fig.6.1 also highlights the benefits (green boxes) and challenges
(red boxes) expected from such an atypical morphology. Being radically novel and
therefore quite ambitious, this concept is very promising as preliminary aerody-
namic studies done by Pokorny et al[26] showed a double-digit improvement is to be
expected in specific air range for Z-config compared to the Eclipse 500 datum. This
is a typical example of concept for which both the traditional handbook methods
and the designer’s experience and know-how have to be considered with extreme
care. For example, a designer could indeed legitimately have the intuition that
the torsional moment, due to asymmetrical port/starboard lift generation, would
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Figure 6.1: Example of atypical morphology conceived by A.T. Isikveren.

be the main concern of the structural design. But preliminary analysis, done by
Morgan[27], demonstrated that it is in fact the bending moment, due to staggered
fore/aft lift generation, that is the main concern and therefore drives the struc-
tural dimensioning of the Z-configuration concept. It will be therefore particularly
challenging and relevant to exercise the next tools developed on such a concept.
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