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Abstract

The thesis develops computational tools for early stages of the aircraft design pro-
cess. The work focuses on a framework which allows several design teams concur-
rently to develop a baseline concept into a configuration which meets requirements
and whose aerodynamics has been assessed by flight simulation. To this end, a data
base format suggested by the German Aerospace Center DLR was adopted in the
CEASIOM system, developed in the EU 6th Framework Program, enabling more
accurate transonic analysis and tabulation of forces and moments as well as control
surface authority assessment. Results from simple, fast models are combined with
computationally expensive full CFD results by co-Kriging to speed up production
of the aero-data for flight simulation.

Non-linear optimization methods in wing design play an increasingly important
role together with computational aerodynamics. High performance computing en-
ables the use of high-fidelity non-linear flow predictions in optimization loops. It is
argued that the optimization tools should allow the engineer to influence the process
by setting up suitable target pressure distributions for the shape to approach, com-
bined with steps to minimize drag under suitable constraints on geometry, forces,
and moments. The simulation framework incorporated into CEASIOM was applied
to a number of configurations, conventional as well as un-conventional, such as an
a-symmetric twin prop, a canard-configured transonic cruiser, and a novel chin-
rudder concept for transonic airliners. Aerodynamic shape design by the developed
methods was applied to the standard M6 benchmark wing, a joined-wing concept,
a wing-tip, and a blended wing-body.
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Sammanfattning

Avhandlingen utvecklat beräkningsmoduler för tidiga stadier i flygplanskonstruk-
tionsprocessen. Arbetet kocentreras på ett program-ramverk som låter flera design-
team samtidigt utveckla en grund-modell till en konfiguration som uppfyller ställda
krav och vars aerodynamik har undersökts med flygsimulering. För att nå detta
mål antogs ett data-bas format utarbetat av DLR (German Aerospace Center) i
CEASIOM-programpaketet som utvecklats i EUs sjätte ramprogram. Det möjlig-
gjorde noggrannare analys och framtagning av tabeller över krafter och moment
liksom bedömning av styrytors funktion i transoniskt fartområde. Resultat från
enkla, snabba beräknngsmodeller kombineras via co-Kriging med beräkningsmäs-
sigt dyra CFD-körningar för att snabbt ta fram aero-data som behövs för flygsimu-
leringen.
Icke-linjär optimering spelar allt större roll i ving-formgivning, tillsammans med
numerisk aerodynamik. Högpresterande datorer medger användning av noggranna
icke-linjära strömningsmodeller också i optimerings-slingor. Det argumenteras för
att optimerings-verktygen skall ge ingenjörerna direkt inflytande över processen
genom definition av fördelaktiga tryckfördelningar som vingformen ska åstadkomma,
kombinerat med steg som minimerar luftmotstånd under bivillkor på geometri,
krafter och moment.

Simulerings-ramverket implementerat i CEASIOM tillämpas så på ett antal kon-
figurationer, konventionella såväl som o-konventionella: ett osymmetriskt tvåmo-
torigt propellerplan, och större transoniska flygplan, ett för Mach 0.97 med canard-
vinge, och ett nytt koncept med hak-roder.

Aerodynamisk formgivning med de utvecklade metoderna tillämpas på standard-
fallet M6-vingen, en transonisk dubbel-vinge, en vingtipp, och en flygande vinge.
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CHAPTER 1
Introduction

The concurrent design of aircraft is an extremely interdisciplinary activity incor-
porating simultaneous consideration of complex, tightly coupled systems, functions
and requirements. The design task is to achieve an optimal integration of all com-
ponents into an efficient, robust and reliable aircraft with high performance that
can be manufactured with low technical and financial risks, and has an affordable
life-cycle cost.

1.1 Re-Engineering the Aircraft Design Process

Today’s aeronautics market demands that more complex products be developed
with shorter lead times and more cost-effectiveness while using evolving business
models involving multiple partners with the consequence that developing new air-
craft cannot be tackled only by improving upon existing practices. Thus over
the past 25 years the aeronautical industry has been transforming its operations
from what firstly can be called a system-oriented approach, instead of a functional-
oriented approach, where the primary focus becomes one of integration of all dis-
ciplines. Secondly, their business processes are re-engineered around the flow of
information, instead of the flow of tasks, with increasing emphasis on modeling
and simulation (M & S) throughout the entire aircraft development program (see
e.g. [1–5]). The real objective of engineering analysis is to predict the behavior
of a product, and then use that information to design a better product. Thus
in the new paradigm the traditional analysis activities that were considered as
design-verification activities, now become core activities for developing the virtual
aircraft and its behavior as given by its different data bases (aerodynamic, loads,
stability and control). This new development paradigm has been identified in the
ACARE SRA as a major challenge to make the design of a complete virtual air-
craft up to certification a reality. Representatives of major aircraft, engine and
equipment manufacturers spoke unanimously at the VIVACE public Forum 3 (Oc-
tober 2007) of the essential roles that modeling, simulation and virtuality in the
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extended enterprise have in enabling manufacturers to address this challenge and
meet the SRA quality and affordability objectives. Even in light of such potential
for improvements of the aircraft design process, interestingly enough, only a few
EU Framework RTD projects have addressed the notion of developing conceptual
design methods with advanced close coupling of the aerodynamics, structures and
flight control disciplines. The FP6 STReP SimSAC (Simulating Aircraft Stabil-
ity And Control Characteristics for Use in Conceptual Design) [6, 7] coordinated
by KTH is one of those few, VIVACE and CRESCENDO [8, 9] are others at the
industrial level, and the thesis builds upon the results of this project.

Keep in mind, however, that current engineering analysis methods in designing
complex systems rely very heavily on the knowledge and intuition of the designer.
Individual analyses of a specific design reveal its performance; it is then up to the
designer to note shortcomings in the performance, identify possible causes and then
formulate remedial design changes. When designing very large complex engineering
systems, the situation grows worse with increasing size of the system. There is then
a team of people responsible for the design, usually with different people responsible
for different aspects of the performance of the system. Any design will involve trade-
offs between the different aspects, but an intuitive understanding of the trade-offs
by any one person becomes increasingly hard as the complexity of the system and
its multidisciplinary nature increase.

1.1.1 Design Complexity
The task of designing an aircraft is among the most complex in engineering. Not
counting the smallest components such as nuts, bolts and rivets, an aircraft may
have hundreds of thousands of components, with over a million important design
parameters and many more which are less important. The structure of an actual
company designing aircraft also reflects the diverse and complex nature of the pro-
cess. Consider, for example, the process used to coordinate the preliminary design
of the Boeing 777, carried out by 3000 people. Coordination was facilitated through
weekly design meetings of 25 lead engineers, each representing 100+ engineers in
their specialty. Each leader presented their work once every ten weeks [10]. Clearly,
detailed trade studies carried out in the traditional way would not work to explore
the trade-offs between all the disciplinary groups at this complexity level. Thus the
ongoing, and never ending attempts by all aircraft industry to put in place more ef-
fective and efficient design practices involving ever more advanced and sophisticated
modeling and simulation approaches.

Hierarchical Breakdown of Aircraft

Approaching the design task by viewing the configuration as a hierarchy of its
constituent components helps to penetrate the complexity, both in handling the
design space (the set of design parameters) and in modeling its functionality. A
design methodology which keeps track of all of the design variables allows the
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designer to investigate the effect of certain “active” design variables and to try to
improve the design while satisfying all of the many constraints that a design always
has.

Level 1 Aircraft - weight, wingspan, cruising speed
Level 2 Component geometry - wing, fuselage, tail, winglet
Level 3 Control surfaces, fairings, desired roll rate

...
...

The entire aircraft is at the highest level 1 where each lower level successively
adds more detail to the description of the aircraft, going down in this example
to that of the control surfaces, level 3. In addition to geometric data, the table
also lists variables such as operating conditions, climb and roll rates, etc., that are
important design parameters. An important aspect of a hierarchical product model
is that each level is defined relative to the ones below, so that design changes at
one level are “inherited” by those above. This “inheritance” feature means that
all of the parameters at each level of representation are design parameters. They
may be altered by the design system on all levels, with impact on the fidelity of the
modeling, and the detail of the model.

1.1.2 Three Design Phases
The aircraft design process (see Fig. 1) is in general divided into three phases,
which tend to overlap in a staggered fashion. In the conceptual design phase the
aircraft is defined at a system level. Many variants are studied, and the design
selected is the one that best fulfils the mission to the specifications of the market
or a customer and determines a general configuration capable of performing this
mission, together with first estimates of sizing, Once defined, this design concept
then becomes a project and is studied in further detail. In the preliminary design
phase, the tentatively selected concept is refined until feasibility is established. An
extensive array of design sensitivities is generated, design margins are checked, etc.

For example, the aerodynamic shape and structural skeleton progress to the
point where detailed performance estimates can be made and guaranteed to po-
tential customers. About two-thirds of the way through this phase, the concept is
frozen and no major changes are expected thereafter unless serious problems arise.
The design is sufficiently refined to provide the basis for making formal offers to
customers and signing contracts. At this point, the costs incurred could be of the
order of 50 to 100 million dollars.

In preliminary design, the central challenge is performing design optimization
in a distributed environment made up of distinct disciplinary design teams with
individual solution strategies, locally defined variables and constraints, potentially
costly computational analyses, and interdisciplinary coupling. The nature of this
sort of design environment precludes the use of direct iterative optimization meth-
ods, such as those used in many local subsystem design problems. In response to
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this, a variety of multidisciplinary design optimization methods have been devel-
oped that enable a formalized design optimization process in the preliminary design
phase. These are related to one another in their use of a coordinating optimization
problem to make progress toward optimal designs. The methods differ from each
other in how they handle local feasibility, interdisciplinary compatibility, and local
design autonomy [2]. One such method is collaborative optimization.

The final phase, detailed design,
(1) elaborates and defines the structure in complete detail;
(2) defines the details of the product together with complete systems, including
the flight deck, control systems, electrical and hydraulic systems, landing gears and
cabin layout and systems for a commercial aircraft;
(3) optimizes the final product; and
(4) generates the performance data and all other required product information.

The process as well as the designed configuration evolves with time - this is
the product-fidelity curve rising upward as the design cycles proceed over time in
Figure 1.

Figure 1: Aircraft design process from conceptual design to manufacturing and test-
ing. The thesis focuses on the Conceptual-to-Project phases in the circle.

A large variety of tools is used in each phase of the design process, includ-
ing empirical/handbook methods, wind tunnel testing, flight-testing and numerical
simulation and optimization tools including various CFD flow prediction methods.
In general, low-fidelity tools can be used in the conceptual design phase where many
alternatives need to be analyzed in a short period, while high-fidelity tools are used
in the other design phases once the concept evolves to an acceptable level of ma-
turity. The term fidelity refers here to the representation of the aircraft geometry
(and/or structure, where applicable) and of the physical modeling that determines
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the aircraft behaviour and performance (aerodynamic, stability and control, and
loads data bases). Today this is current practice for developing new aircraft.

In more detail Fig. 2 depicts a block diagram of the conceptual design process
showing the sequencing of the disciplines actually involved, their interrelationship
(or connectivity), as well as the various feedback loops and data flow directions.
In the case of commercial aircraft, the mission is defined on the basis of airline
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Performance vs. 
Requirements & 
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Geometry 
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Figure 2: Sketch of the essential steps in aircraft conceptual design.

requirements that follow from analysis of the intended flight route, including data
on expected traffic volume and desired frequency, between typical city pairs such
as Stockholm and Paris and that set the desired payload-range characteristics.
Past experience along with simplified aerodynamic and structural estimates and
statistical databases then synthesize these characteristics into the first concept, an
initial configuration and sizing, together with preliminary performance levels. The
initial concept may prove, or deny, the feasibility of the proposed mission: either
it appears too ambitious, requiring an excessively large and expensive aircraft, or
that in all likelihood it will lead to an aircraft of acceptable size. Thus, the design
process takes another iteration to arrive at a mission and corresponding design that
can be expected to attain the desired market share and return on investment, and
these may well lead to further iteration of the mission and design concept in an
ongoing process.

During the successive iterations, aerodynamics, propulsion and weights are the
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disciplines that determine range/payload and maneuver performance capabilities
of an aircraft design, classical “measures of merit” of an aircraft design. Counter-
balancing these measures is the cost or affordability of a design. In examining Fig.
2, one observes that two levels of analysis are required to get from the design to
the requirements/goals. These analyses can be thought of as transfer functions,
in the first instance with aerodynamics transforming the design variables (mostly
geometry parameters like wing sweep, area, etc.) of the concept to lift and drag;
weights transforming the design variables to how much the concept weighs; propul-
sion transforming the design variables to thrust and fuel flow; and performance
transforming the lift, drag, weights, thrust, and fuel flow to the payload-range and
maneuver measures of merit that take into account stability and control.

Theoretical and/or computational procedures provide these transfer functions.
Contemporary commercial aircraft conceptual design systems make extensive use
of handbook methods based on semi-empirical theory and data. More sophisticated
and powerful in-house developed industrial software systems usually alter the widely
recognized handbook methods by way of re-calibrating the said algorithms with
data gleaned from experience and previous design projects. A growing consensus of
opinion, however, finds even such re-calibrated handbook methods are not reliable
enough for treating novel and unconventional designs, and thus, there is a trend
towards replacing the methods with computational procedures that calculate the
required information from first principles.

This dissertation focuses on the modeling and simulation aspects in the design
stages in the red circle in Fig. 1, namely in conceptual design and the down-selecting
of configurations for project studies entering preliminary design where the product
fidelity is generally low.

1.2 Focus on Early Design Stage

While the greatest freedom to exploit potential tradeoffs between aircraft subsys-
tems for the optimization of the design occurs earliest in the design process, the fact
that the analysis tools applied at this stage are the most limited severely restricts
the capacity to utilize this freedom. It is a crucial stage of the product develop-
ment process because the decisions taken during this period commit up to 80 % of
the life-cycle costs (Fig. 3), although, of course, the actual costs incurred appear
on the books much later. Since many of these decisions are taken under a great
deal of uncertainty, improvements in this design stage offers the greatest scope for
innovation. Thus we focus on bringing more fidelity to early design.

Mistakes here must be avoided because they are very costly to remedy later and
delay acceptance. Matters involving the interaction of aerodynamics with structures
and controls are particularly prone to errors due to the low fidelity of the analysis
methods traditionally used.

Pre-flight aerodynamic prediction errors and unidentified problems related to
stability and control can lead to an unacceptable increase in programme cost and
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Figure 3: The design dilemma - costs are committed early when the knowledge on
which decisions are based is scanty.

extensive developmental delay, or, even catastrophic failure. A few examples are:
� SAAB2000: wheel force characteristics caused delay in certification and costly
redesign of the control system;
� Boeing 777: under-predicted horizontal tail effectiveness led to larger than
needed horizontal tail;
� Airbus A330 Prototype: sudden loss of lateral control during test-flight simulated-
engine failure in takeoff initial climb led to loss of aircraft and crew;
Structural sizing is also prone to flaws and inefficiencies in early design where nor-
mally a set of singular cases is used for limit-load prediction. This approach yields
quite rough estimates of global loads over the entire flight envelope resulting gen-
erally in large safety factors, and thus secure but heavy aircraft structural weight,
where instead one seeks a secure structure with as light weight as possible. Achiev-
ing this requires precise prediction over the entire flight envelope not only the global
aerodynamic loads but stresses and loads in individual structural components as
well. Again, the problem is complex when multidisciplinary interactions take place.
An example is
� Airbus A300-600: handling and flight control characteristics do not give ap-
propriate cues to flight crew in avoiding limit loads, leading to e.g. loss of Flight
AA587.
In all these cases better fidelity modeling and simulation earlier in the design will
improve efficiency and reduce costs.

1.2.1 Improving the Juncture: Concept - Preliminary Design
More detailed analysis can contradict the findings of earlier, simpler analysis. Ide-
ally, detailed analysis should be used as early in the design process as possible.
The big challenge in using more detailed models earlier in the process is the rapid
growth in detail required to properly describe a complex system such as an aircraft
for use in those models.
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The aero-servo-elastic aircraft is a dynamical system whose behavior is deter-
mined by interaction of aerodynamics, control system including the pilot, its elastic
structures, and externalities like gusts and runway properties.

Figure 4 spells out the details in the early design steps in the circle shown in
Fig. 1 for the definition of the virtual aero-servo-elastic aircraft.

Figure 4: The two design loops in the conceptual design phase process and the
down-select to project study in preliminary design.

It illustrates two design loops in the conceptual design phase that follow the
first-guess sizing (usually done by a spread-sheet) to obtain the initial layout of the
configuration. The first one, the pre-design loop, is aimed at establishing a very
quick (time-scale can be from one to a few weeks) yet technically consistent sized
configuration with a predicted performance. Sizing is a mathematical iterative
process which determines the aircraft takeoff gross weight, empty weight, and fuel
weight required such that a given aircraft concept layout can perform a specified
mission (range) at a specified payload weight. This calculated size is used to redraw
the aircraft as a baseline model as initial guess for further elaboration. It has a
revised wing area, fuselage length, etc., appropriate to the determined weight. Note
that range is a given (independent variable) whereas aircraft weight (thus aircraft
physical size) is the calculated, dependent variable. For a detailed description see
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e.g. D. Raymer’s textbook [11]. The software support for this activity is discussed
below.

The second one, the concept-design loop, is a protracted and labour intensive
effort involving more advanced trade studies to produce a refinement in defining the
minimum goals of a candidate project. At the end of the conceptual design phase
all the design layouts will have been analyzed, and the “best” one, or possibly two,
designs will be down-selected to the preliminary design phase. Our work aims at
enhancing this design loop, involving the disciplines marked in the concept-design
loop: aerodynamics and stability & control, as well as the process of refining the
shape by optimization.

Software in Conceptual Design

Software for aircraft conceptual design and optimization has been around for well
over a decade. Notwithstanding the foibles, computer aided aircraft conceptual
design can produce significant benefits. These include quicker throughput of design
feasibility studies, dramatic expedition of the response time for projects that emerge
unexpectedly, marked improvement in design quality and the number of concurrent
design projects undertaken for given resource level, possibility in promoting a re-
duction in development cost for the project as it matures, and the likelihood of
undertaking a more sophisticated larger scale design problem. The latter is not
possible with the traditional greatly simplified handbook methodologies. For this
reason, significant energy is expended in developing new software packages that can
deliver these tangible benefits whilst avoiding the pitfalls discussed earlier. At this
moment in time, a number of conceptual design codes are commercially available,
however, the number of competing software platforms is not vast since airframe
manufacturers have a propensity to develop their own algorithms in-house. In
order to serve as a benchmark indicating the level of sophistication currently avail-
able to designers, a synopsis of a selection of contemporary commercially available
software is presented below.

AAA The origins of Advanced Aircraft Analysis from DARcorporation [12] stem
from the multi-volume and quite comprehensive texts, Airplane Design, Parts I-
VIII, and Airplane Flight Dynamics Parts I and II, authored by Roskam. AAA
incorporates and coordinates the methods, statistical databases (now quite dated),
formulas, and relevant illustrations and drawings from these references. The AAA
program allows the design engineer to rapidly evolve an aircraft configuration from
early weight sizing, through open loop and closed loop dynamic stability and sensi-
tivity analysis, while working within regulatory and cost constraints. The software
applies to civil and military aircraft including unconventional configurations

RDS RDS marketed and supported by Conceptual Research Corporation (CRC)
is an aircraft design, sizing and performance software package with very basic draft-
ing functions. An emphasis is placed on conducting very rapid feasibility studies.
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In fact the author claims it allows the development, assessment, and optimization of
a new notional design concepts in as little as a day. The methods reflect primarily
the widely used textbook by D. Raymer Aircraft Design: A Conceptual Approach
[11]. The package is adequate for early design and requirements trade studies, and
has a number of automated capabilities for producing key graphs and figures doc-
umenting the trade study results. The program facilitates cost analysis, including
airline economics.

ACSYNT Available from Phoenix Integration, Inc., this code is intended for
aircraft sizing and optimization/mission analysis. Working closely with airframe
and engine manufacturers, Ames formulated the basic AirCraft SYNThesis tool.
In 1987, Ames and the Virginia Polytechnic Institute CAD Laboratory began
to design and code a Computer-Aided Design (CAD) system for ACSYNT. The
product of this collaboration is a high-end aircraft design tool that provides a
three-dimensional computer-aided design environment coupled with detailed anal-
ysis capabilities. An aircraft concept can be modelled in the CAD interface, and
then analyzed using a suite of multi-disciplinary modules representing aerodynamic,
propulsion, and mission performance parameters. ACSYNT has been successfully
applied to high-speed civil transport configurations, subsonic transports, and su-
personic fighters. The entire package does offer a vast array of functionality, but
necessitates a significant investment in time and effort to use it effectively. In view
of this characteristic, ACSYNT is not a software platform for all aircraft designers.

During the preliminary definition, project design is still undergoing a somewhat
fluid process and indeed warrants some element of generalist-type thinking, but
the minimum goals of the project have already been established during the con-
ceptual definition phase and the aim is to meet these targets using methods with
higher order than those used during the conceptual definition phase. Furthermore,
the participants in this working group are mostly genuine specialists in each re-
spective discipline. Figure 4 indicates the way in which data, or information, is
passed between specialist groups during the design process. The specialist groups
must consider the level of advanced technology to be adopted together with all of
the other active constraints on the design. The data flow lines indicate how the
technology areas influence the aircraft configuration though its performance. The
specialist departments/offices provide the input data to the project designers who
then coordinate a systematic search to find the “optimum” configuration and settle
disputes between conflicting specialist opinions.

There exists today a good deal of inefficiencies in interactions between all these
various groups. Information mismatch in terms of type, details, and format ap-
pears between the specialist component designs and the system level. Figure 5
highlights the information “gaps” between conceptual or overall aircraft design, and
preliminary or component design. Such mismatch occurs also between the different
disciplines, e.g. aerodynamics and structures. The challenge is to bridge the gaps
and mitigate their effects so that the process becomes more efficient. When many
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groups must exchange large amounts of data between their analysis procedures and
models, the interconnections become very complex and difficult to manage. The
use of a standardized, extensible, centralized database with an associated manage-
ment system is an approach to improve the process. The current work adopted the
data-centric model and used the CPACS system developed by DLR, see Section
2.3.1.

Figure 5: Information gaps between conceptual (= overall aircraft) design and pre-
liminary (= component) design.

The disciplines in the circles in Fig. 4 are crucial to aero-servo-elastic design,
and to which the thesis brings new developments and advancements. The thesis
aims to improve the efficiency in each of these processes.

1.2.2 Protocol for Conceptual Design Quantification
The aircraft design process can be further clarified by extending its perspective to
include additional discussion of optimization, and can be more precise in under-
standing if additional mathematical expressions are used, as indicated here.

Conceptual design is primarily a search process whose goal is to formulate a
set of design variable quantities X, which in consort produces a vehicle that fulfils
some desired list of minimum requirements, see Fig. 6. The mechanism behind this
search is mathematics and the core utilities required to conduct the design process
can be itemized as:

• Design specifications - a set of minimum requirements that defines the suc-
cess of any aircraft design candidate. There are hard specifications which
require compliance with target values, and soft specifications which permit
some element of freedom in missing the original target.

• Design parameters - a set of abscissa values X intentionally selected such
that they collectively describe the vehicle’s physical features or character-
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Figure 6: Conceptual Design and Optimization Process.

istics (that can be parametrically varied in some fashion) with regards to
compliance, performance and profitability. These independent variables de-
fine the airplane in a physically tangible sense. Their number is the dimension
of the design space. To reduce the dimension, it is beneficial to select spe-
cial ratios or parametric functional relationships known to demonstrate direct
correlation to a desired outcome.

• Design space - full range of design variables X, could include tens of thousands
of design variables defining everything about the candidate aircraft.

• Dependent variables - U are the ordinate values - the properties of the vehicle.
They demonstrate functional relationships to the design parameters through
physical principles or statistical correlations. Examples can be the clean wing
drag-polar and drag increase with Mach number.

• The prediction methods - P define the physical and mathematical relationship
between the design parameters and dependent variables, namely U = P (X).
These functions vary greatly in complexity, and their accuracy relies on the
amount and fidelity of the input information X.

• Measures of merit - F [U ] - quantify performance - or compliance, as the case
may be, with regard to the design specifications. Examples could be specific
fuel consumption, cruise speed, and range.
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• Design constraints - G[X, U ] typically the aircraft’s required performance val-
ues such as takeoff distance, climb rates or cruise speed; geometric or oper-
ational constraints such as limits to wingspan or fuselage diameter; environ-
mental restrictions such as limits to emissions of noise and Green-house or
Ozone-reducing substances.

The search involves analysis to deduce the properties of a product from its char-
acteristics, as well as synthesis to create a particular design X that yields some
desired properties U(X), in other words optimization in one form or another.

For example, the first pass through the loop in Fig. 6 synthesizes the first
baseline configuration Xbl, namely: with the requirements taken as an initial set of
properties U , conceptual design derives the first characteristics of the aircraft Xbl,
the baseline configuration, e.g., thrust to weight, wing loading, the wing reference
area from the required takeoff field length etc. Preliminary design applies these
characteristics X to derive again by analysis properties U , albeit at a higher level of
detail, e.g., lift-induced drag from the given wing planform, and then re-enter those
properties into the synthesis loop to determine a more mature set of characteristics
X. Several configurations with different characteristics may share similar properties
U , so the evolution of the design to a more mature state also requires down-selection.
This means a choice between different candidates which, based on requirements
considered so far, look equally good. Thus, the requirements are augmented or
made stricter, or, if no feasible candidates are found, relaxed as the design evolves.

It may be helpful to distinguish between the terms order and fidelity. An anal-
ysis of high order (of accuracy) describes a physical effect in great detail, and a
high-fidelity analysis predicts properties accurately. In fact a low-order analysis
might return results of high fidelity. For example, if a primitive geometry, just the
planform and camber distribution (no thickness) were computed in an Euler simu-
lation, the predictions may well be less accurate than those made by a vortex-lattice
method because there will be unrealistic vortices and other separation phenomena
from this primitive geometry. The lesson here of course is that the fidelity of the
prediction method P should match with the fidelity of X.

1.3 Multi-Disciplinary Design Optimization

Apart from spelling out the phases, milestones and processes in an aircraft design
cycle, major effort must be given to optimize each stage, and this can only be
achieved with multi-disciplinary design and optimization practices. The American
Institute of Aeronautics and Astronautics (AIAA) defines Multi-disciplinary Design
Optimization (MDO) as “A technology that synergistically exploits the interaction
among disparate disciplines to improve performance, lower cost and lower product
design cycle time”. The intention of the CEASIOM (Computerised Environment
for Aircraft Synthesis and Integrated Optimisation Methods) research was to es-
tablish a framework for multi-disciplinary design functionality at the conceptual-
preliminary design level, however in actuality virtually nothing was in place at the
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time this thesis work began. Thus a major contribution of the thesis is the initial
implementation of optimization techniques that are interoperable with the existing
CEASIOM functionalities.

Multidisciplinary Optimization, or MDO, can be described as a collection of
mathematical techniques for multivariable optimization in which the optimization
clearly crosses disciplinary boundaries. An essential feature of MDO is the pres-
ence of design constraints and measures of merit (MOM) which are of system-level
concern. In a typical aircraft conceptual design application, the MOM is either cost
or its surrogate, weight, where the aircraft is sized to some specified mission which
includes the range and payload requirements. The design constraints are typically
the aircraft’s required performance values such as takeoff distance and climb rates,
plus any geometric or operational constraints such as a wingspan limit.

A typical application for MDO in the aircraft design field is the simultaneous
aerodynamic and structural optimization of a wing. The wing is defined in terms of
some geometric variables, and the effects on aerodynamics and structural strength
are determined as the geometry is varied. Results are assessed versus some de-
fined measures of merit, and in the presence of constraints which can be based on
performance, safety, operability, or practicality.

1.3.1 Problem Complexity and Optimization
The design problem can be posed as a very complex optimization problem. The
formulation is so complex that the formulation is a challenge in itself, and numerical
solution is out of reach for computers also in the near future. Therefore, it must
be approached by decomposition. Decomposition and software technology is under
intense development, as exemplified by papers by M. Giles [13, 14] and the Stanford
group around I. Kroo, [15]. Traditional decomposition leads to sub-problems of
aerodynamic shape optimization coupled to structural design only by simplified
constraints such as on wing thickness, limits on wing root bending moment, etc.
Even wing shape optimization is complex, and is in practice carried out with a
combination of mathematical tools and engineering know-how. The tools developed
and analysed in this work are described in Chapter 3. Thus, although technically
a single-discipline optimization, it is still complex enough that decomposition and
other methods employed in MDO are called for.

The architectures of software tools to deal with complexity of the system by
decomposition methods are subject to intense study. Different types of architec-
tures have been proposed, such as the collaborative optimization (CO) [16, 17],
the bi-level integrated system synthesis (BLISS) [18], the concurrent subspace op-
timization (CSO) [19], and many others.

1.3.2 Traditional Trade Studies and MDO
The following paragraphs are based on D. Raymer’s PhD dissertation [20]. For more
than 50 years conceptual aircraft design has involved parametric studies in limited
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scope. Today, synthesis process has broader scope and offers the designer two dis-
tinct levels of analysis and optimization: first, the traditional carpet-plot technique
considering trade-offs among sequential sets of only two variables analyzed by em-
pirical methods, and second, a set of higher-fidelity techniques that draw heavily
upon complex mathematical optimization procedures and physics-based numerical
methods involving many more design variables - MDAO, multidisciplinary design
analysis and optimization, often shortened to MDO. A typical application for MDO
in the aircraft design field is the simultaneous aerodynamic and structural optimiza-
tion of a wing. The wing is defined in terms of some geometric variables, and the
effects on aerodynamics and structural strength are determined as the geometry is
varied. Results are assessed versus some defined measure of merit, with constraints
which can be based on performance, safety, operability, or practicality. The crucial
issue in either classical optimization or MDO is the number of design parameters
because the workload quickly becomes immense as the number grows.

Consider the basic set of six design parameters commonly used in aircraft con-
ceptual design: thrust-to-weight T/W, wing loading W/S, and wing aspect ratio
AR, taper ratio λ, sweep Λ, and thickness t/c. In the language of experimental de-
sign, a full factorial design requires a minimum of 36 = 729 data points to span the
design space, and 56 = 15625 would improve accuracy. Each data point represents
a different airplane and requires full analysis for aerodynamics, propulsion, weights,
sizing, and performance. To better optimize an aircraft at the conceptual level, one
ought to include additional design parameters such as fuselage fineness ratio, wing
design lift coefficient (or camber), engine bypass ratio or propeller diameter, the
actual shape of the design including wing planform breaks, nacelle locations, tail
locations, and perhaps also the wing thickness distribution. As additional design
variables are added, the number of required data points (i.e., aircraft parametric
evaluations) rapidly spirals out of control. This brings into focus the issues of in-
formation and time, sometimes labeled the “curse of dimensionality”, addressed in
D. Böhnke’s PhD dissertation [21].

Some relief for small-dimensional design spaces is brought by sampling schemes
developed for experimental design, such as Latin Hypercube, but not enough to
cast off the curse. Decomposition of the space offers great potential. In prac-
tice, engineers know that some analysis results may be rather insensitive to some
selected design variables and many design variables are not very interdependent
(“weakly-coupled”) and can be optimized separately. To lift the curse of dimen-
sionality the designer partitions a large engineering design optimization problem
into a number of smaller solvable sub-problems. During execution of the optimizer,
top-level routines pass data between the submodules in a structured manner that
retains their coupling and accommodates the defined system constraints as depicted
in Fig. 7. This decomposition allows us to perform separate optimizations within
these groups, coordinated and linked such that the entire system is optimized when
the separate optimizations are brought together. The groups may also be broken
into weakly-interconnected subgroups, creating a tree-like structure to the opti-
mization process with a top level that is the entire system, and sub-levels below it
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representing groups and subgroups. For example, a wing analysis decomposition

Figure 7: Optimization by decomposition [20].

may use an aerodynamics module that knows how to calculate drag and airloads
from the wing shape, and a structure module that knows how to calculate weight
and structural deflections from shape and airloads. Each executes separately, pass-
ing their results to the other until they converge at an optimum for the measure of
merit. Decomposition should really be understood as a divide and conquer frame-
work for MDO problem simplification, and once accomplished, the decomposed
sub-problems are solved using one of the other optimization techniques.

1.4 Objectives, Scope and Structure of Thesis

The fundamental research questions are: How can existing methods for conceptual
design prediction and limited optimization be significantly improved upon, and,
to what extent can they integrate upwards in the fidelity chain and to subsequent
design phases?

The Computerised Environment for Aircraft Synthesis and Integrated Optimi-
sation Methods (CEASIOM ) simulation system has been developed to alleviate
the problems associated with the information gaps (Fig. 4 and 5). The overriding
vision of CEASIOM is establishment of an integrated design environment where,
for a given aircraft morphology and local topologies, all necessary predictive compu-
tations can take place at some user nominated fidelity during the early conceptual
design phase and can be continued seamlessly as the process progresses into the
preliminary design stage.

CEASIOM needs a baseline configuration, the “Initial Layout” in Fig. 4, to
carry on with the second design loop. Several software packages, such as those
described in Section 1.2.1, do initial sizing etc. to produce the initial layout, and
one task for CEASIOM is to import such models.
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The first key objective of the thesis is to enhance the conceptual design and early
preliminary design processes by constructing a computational toolset built upon an
aero-servo-elastic mathematical simulation model - the virtual aircraft - that has
more functionality and higher fidelity than current analysis methods. The tools
are built upon physics-based models with few empiricisms and more continuity
in modeling when ascending the fidelity scale in the loops in Fig. 4, and less
mismatch in simulations across the down-select transfer. The second key objective
is to embed the toolset in a framework that supports the various chains of analyses
the designer/engineer needs to execute in order to carry out her work. She most
likely is not a specialist in each of the tool disciplines, so digital aids should be built
into the workflow system to make it easy for the non-specialist to use. Reaching
this objective will empower the designers/engineers to expand the scope of their
work by reaching across discipline boundaries. In particular, various optimization
techniques should be made available to solve optimization problems formulated in
terms of the parameters which define the virtual aircraft. Both specific, common
examples such as airfoil shape design to achieve a desired pressure distribution, and
methods for more general cases involving the whole aircraft should be provided.

The result should be a new and unique conceptual aircraft design tool that
emphasizes the designer’s role during the synthesis process. Setting this ultimate
goal meant the selection of an appropriate software environment to work in. The
software system requirements also include a modular and robust construction to
ensure future development with relative ease, and possibly, as the most important
consideration, revolves around issues of portability as well.

The third and final goal was to demonstrate the effectiveness of the software
package that embodies the theory and methods developed in this work by conduct-
ing actual conceptual design studies of aircraft examples.

1.4.1 Objectives: 2 Main Tasks
As discussed above, the first task aims at improving collaboration between software
packages, by adopting a standardized data format, both within the existing list of
CEASIOM functions, and by expanding the list of baseline provider software pack-
ages. The second task is to add a loosely coupled optimization facility capable of
MDO, initially developed and exercised for wing shape aerodynamic design. These
core objectives can subsequently be itemized into a series of sub-objectives, namely

• Extend CEASIOM by adopting the CPACS data base and format.

• Develop import functions from conceptual design packages to enable higher-
fidelity analyses via rapid meshing by CEASIOM functions for CFD , aero-
elastic modeling, and stability and control design.

• Develop further the CEASIOM capability for building data bases from multi-
fidelity simulation models.
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• Create a CEASIOM toolbox for optimization, with tools supporting (a) in-
verse design of lifting surfaces; (b) shape design formulated as drag minimiza-
tion; and (c) general non-linear optimization of parameters in the CPACS
definition of the aircraft.

The optimization facilities comprise a significant extension of CEASIOM into a
framework which supports MDO.

1.4.2 Scope
The generalization of CEASIOM, its airframe geometry modeling and its import
function has been demonstrated on a number of different aircraft concepts, in-
cluding non-conventional ideas like blended wing-bodies and asymmetric aircrafts.
However, both higher fidelity structural modeling and complete support for RANS
modeling are considered out of scope. The optimization toolbox is loosely coupled
to the analysis functions and can deal with MDO. But the software architecture
must be extended to support different task decomposition strategies such as dis-
cussed in Section 1.3.1. Therefore, the focus is on aerodynamic shape optimization,
in particular wing design.

1.4.3 Structure of Thesis
Chapter 2 describes the starting point, i.e. early CEASIOM, and the extensions
which connects CEASIOM to the CPACS - universe of software tools. In par-
ticular, the rapid creation of meshable models from traditional conceptual design
software, the generalization of the CEASIOM class of geometries. Also the use
of Kriging and co-Kriging together with proper orthogonal decomposition for data
reduction and multi-fidelity modeling is reviewed.

Chapter 3 contains an overview of shape optimization techniques and tools. The
wing design procedure uses a decomposition of the set of wing shape parameters
and supports substantial engineer interaction. The SCID process for inverse design
to match a desired pressure distribution is derived and discussed.

Chapter 4 gives a summary of the results obtained on a number of design exer-
cises, from assessment of rudder authority to overall shape optimization for induced
and wave drag for a large blended wing-body airliner concept.

Chapter 5 finally, documents lessons learned and prioritized further development
in the short time frame, and indicates promising lines of research and development.
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CHAPTER 2
Software for Aircraft

Conceptual-Preliminary Design

As we have seen in Chapter 1, software for aircraft design must support a wide
range of disciplinary analysis tools, used by groups of experts to carry out the
design iterations. MDO framework software is the natural embodiment of the
services supplied by the top layer of the whole set of computational modules. MDO
frameworks are developed in response to the requirement from aerospace businesses,
and we discuss below the current state of MDO frameworks.

2.1 MDO Frameworks

Since the emergence of the MDO methodology, many frameworks have been de-
veloped by industry, academia and commercial companies for different types of
applications. In particular, a considerable increase in the number of frameworks
occurred during the decade encompassed by the years 1994 - 2004. The development
and rise of such integration and optimization environments are closely correlated
with the advances in computer software and hardware. There is a vast number of
multidisciplinary environments that have been created and, among them, it is possi-
ble to list a few such as Modelon iSIGHT [22], ModelCenter [23], ModeFrontier [24],
and Simulia (formerly Fiper) [25] from Dassault Systèmes, which are commercial
frameworks, and the research frameworks DAKOTA [26] from Sandia Labs, and
SPINEware [27]. These frameworks are committed to providing the operational
requirements that are in accordance with the previously mentioned and desired
characteristics of an MDO environment. In Fig. 8, retrieved from Padula [28], it
is possible to observe some general key features connected with the applicability,
usability, flexibility, modularity, and extensibility of an MDO framework. These
features are helpful to qualify the completeness of the framework as a design envi-
ronment. Certainly, those frameworks developed with the higher number of features
are the most flexible in providing capabilities for their employment. Therefore, since
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each evaluated problem has its own peculiarities, it is not necessarily true that the
higher number of features automatically means the most robust environment. Usu-
ally, the commercial frameworks have almost all the features shown in Fig. 8. The
research frameworks typically have a more modest number of features. A choice

Framework 

Features Data Management User Support Compatibility 

Optimizers 

Heuristic search 

Discrete Variables 

Sensitivity Studies 

DOE & Approx. 

Scriptables 

File Parsing 

Save All IO 

Save Selected IO 

Converg. History 

Stop/Restart 

Data Import/Export 

Custom Data Tables 

Flexible Data Viz. 

User GUI 

Documentation 

Tutorials/Examples 

Theor. Support 

Mature Software 

Affordable Cost 

High Fidelity 

Spreadsheets 

Java, Fortran, C 

Re-usable Wrappers 

Execution WWW 

Execution  LAN 

Parallel Processing 

Unix, Linux, PC 

Avoid Recomputation 

Figure 8: Operational requirements for an MDO framework.

of one of these features to be taken as the most important feature of an MDO
framework would be quite subjective. Modularity, flexibility and extensibility are
important characteristics in easing the intrinsic difficulties associated with the im-
plementation of multidisciplinary environments. They allow links to be broken and
repaired, or even expanded, without an excessive effort to reassemble the new en-
vironment, especially in complex systems. Clearly, the benefits of these features
become more explicit whenever modifications have to be performed by changes in
the numerical fidelity of the analysis or by the introduction of a new discipline into
the environment.

In the past, it was common to have monolithic codes as part of the MDO
frameworks. This fact imposes an additional difficulty, for the various practitioners,
to manage modifications. Lately, the application of a component-based approach
to create reusable modules with the imposition of well-defined and well-designed
interfaces for the input and output objects, and the adoption of standards and
documentation practices have facilitated the manipulation of the frameworks.
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Current Projects

The thesis builds on the results of and the lessons learned during the European
FP6 project SimSAC, coordinated by KTH, and on the results of the TIVA I and
II (Technology Integration for Virtual Aircraft) projects at DLR funded internally.

The mission of the SimSAC project was to develop an integrated simulation en-
vironment for purpose of computing stability and control information with a quan-
tifiable uncertainty. The result was the CEASIOM-100 tool which brought variable
fidelity simulation to the conceptual design process. For example, if one considers
the aerodynamic model, CEASIOM offers Digital Datcom methods, Vortex-Lattice-
Methods, and Euler methods, together with an option to import results of Navier
Stokes simulations. The main shortcomings of CEASIOM/SimSAC are the limited
flexibility of the geometry modeling, and its primary focus on Stability and Con-
trol aspects only. The TIVA I and II projects at DLR (2005-2009) focused on the
efficient integration of technologies into aircraft design. The approach is a numeri-
cal collaborative design framework integrating the simulation codes of all involved
specialists at DLR.

The outcome is a framework technology based on a central data format called
CPACS (Common Parametric Aircraft Configuration Scheme). Due to a coupling
via a central data format the system is independent of the currently used commer-
cial off-the-shelf software ModelCenter [23] from Phoenix Integration. Aiming at
both over-all aircraft design and technology integration, simulation codes have been
integrated which physically model relevant technologies and are as fast as possible,
hence as low in fidelity as possible. For the later integration of higher fidelity codes,
the CPACS format was set up hierarchically permitting to handle variable fidelity
data and to flexibly expand the format.

The successor project to TIVA is VAMP (Virtual Aircraft Multidisciplinary
Analysis and Design Processes, 2010-2012) which focuses on the application tech-
niques (“processes”) of distributed simulation frameworks and the extension of
low and mid fidelity simulation capabilities. A project which successfully applies
CPACS coupled design frameworks is CATS (Climate Compatible Air Transport
System, 2009-2012, DLR internal). This project couples climate models and sim-
ulations to aircraft design capabilities. A further project which employs the net-
working techniques is the German National Research Programme LuFo IV-3 funded
FAIR-IP (Future Aircraft Research - Integration platform). This project investi-
gates novel fuels and propulsion concepts. CPACS constitutes a well suited starting
point for the enhancements to CEASIOM and enables multidisciplinary collabora-
tion processes in the framework. The extensions to CEASIOM developed in this
thesis are described in Section 2.2.1.

2.2 Early CEASIOM

The CEASIOM software framework for conceptual-preliminary design was cre-
ated in the SimSAC - Simulating Aircraft Stability and Control Characteristics
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for Use in Conceptual Design - EU Framework 6 project. It is a significantly ex-
tended version of the QCARD system built by A. Isikveren in his PhD dissertation
[29]. Figure 9 shows the timeline from 2002 to date. QCARD’s, hence early CEA-
SIOM’s, basic data format is an XML-file, one for each aircraft version, which can
be created and edited with graphics feedback, or by translation from other sources.
CEASIOM produces the databases of forces, moments, and aero-loads necessary
for assessment of flight characteristics by six degree of freedom flight simulation
[30] and aero-elastic analysis with structural beam and plate models [31]. Variable
fidelity flow prediction is provided by USAF Datcom [32] via Vortex Lattice models
[33] to Euler and recently also RANS models [34], with co-Kriging for data fusion
[35, 36].

Figure 9: CEASIOM software timeline.

CEASIOM requires a Matlab license and is freely available in p-file form from
the CEASIOM website (www.ceasiom.com).

2.2.1 Early CEASIOM Functionality
CEASIOM is a framework system that integrates discipline-specific tools like:
CAD and mesh generation, CFD, stability and control analysis and structural anal-
ysis, all for the purpose of aircraft conceptual design [37]. Significant features and
functionality developed and integrated in CEASIOM as modules are:

1. Geometry module Airframe CAD
A customized geometry construction system to define the aircraft configura-
tion coupled to surface and volume grid generators, e.g. Sumo; Port to CAD
via IGES.

2. Aerodynamic module Aero CFD
A replacement of and complement to current handbook aerodynamic methods
with new adaptable-fidelity modules.

a. Steady and unsteady TORNADO vortex-lattice code (VLM) for low-
speed aerodynamics and aero-elasticity [33];
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b. Inviscid Edge CFD code for high-speed aerodynamics and aero-elasticity;
c. RANS (Reynolds Averaged Navier-Stokes) flow simulator for high-fidelity

analysis of extreme flight conditions.

3. Aeroelastic module Aero Elastics
The NeoCASS (Next generation Aero Structural Sizing) module combines
state of the art computational, analytical and semi-empirical methods to
tackle all the aspects of the aero-structural analysis of a design layout at
the conceptual design stage [31]. It gives a global understanding of the prob-
lem at hand without neglecting any aspect of it: aerodynamic, structural
and aeroelastic analysis from low to high speed regimes, buffet onset, diver-
gence, flutter analysis and determination of trimmed condition and stability
derivatives both for rigid and deformable aircraft.

4. Stability and Control module Stability & Control
SDSA - simulation and dynamic stability and control analyzer and flying-
quality assessor - provides Six Degrees of Freedom test flight simulation, per-
formance prediction, including human pilot model, Stability Augmentation
System (SAS), and a Linear Quadratic Regulator (LQR) based flight control
system (FCS).

Figure 10 presents an overview of the CEASIOM software, showing aspects of
its functionality, process and dataflow.

Figure 10: Core modules: Airframe CAD, Aero CFD, Aero Elastics and Stability &
Control in the CEASIOM software.

We stress that the work reported on here contributes only to the Airframe CAD
and Aero CFD modules. The work has prioritized further development which leads
to higher fidelity prediction of aircraft flying qualities and control for rigid aircraft;
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the target has been to provide data for the existing Stability & Control module. Aero-
elastic modeling has been considered out of scope, but much of the new functionality
is of course also beneficial for aero-elastic modeling. The flying qualities of a virtual
aero-servo aircraft are assessed by flight simulation and by mathematical analysis
of the linearized dynamical system which models the six-degree-of freedom motion
of an airplane under forces and moments produced by propulsion, air loads, and
gravity. The initiated reader can skip Section 2.2.2 without loss of continuity.

2.2.2 Stability and Control
The very concept of stability and control is concerned with the provision of permit-
ting sustained authority over the aircraft at any point within the vehicular flight
envelope. This requirement extends to a control system that promotes ease and
effectiveness of airplane response acquiescent with the pilot’s commands. As it has
been proven repeatedly, and sometimes with spectacular results, inadequate appre-
ciation of stability and control fundamentals can cause the catastrophic demise of
any project - even those showing unequivocal promise from the outset. A truism in
the aerospace industry is that almost all aircraft projects have experienced flying
qualities problems at some stage during the flight-testing process. Even if handling
and control present no problems when the vehicle is operated in the nominal mode,
an aspect like very poor control in manual reversion mode may become the source of
major consternation because of the fundamental design minimum goals potentially
being compromised.

The Notion of Aircraft Stability

The basic concept for stability [38] is simply that a stable aircraft has a tendency
to restore itself to its original condition whenever the flight is disturbed. This
property of the vehicle is referred to as static stability. Random fluctuations in the
atmosphere, such as from gusts, are example disturbances. The concept of dynamic
stability involves an appreciation of the vehicle motion characteristics as a result
of a disturbance from an equilibrium condition. There exist two distinct categories
of response:
(1) dynamically stable, where a gentle resumption or a damped oscillation with
overshoots back to the original condition occurs; and,
(2) dynamically unstable, with undamped oscillations of constant amplitude usu-
ally referred to as neutral dynamic stability, or oscillations with amplitude growing
over time, and finally, a statically unstable situation typified by non-oscillatory di-
vergence from the equilibrium condition after a disturbance. It is quite evident that
the aircraft should not possess any statically unstable properties in any dynamic
mode. At the very least, the divergence that results from such instability should
be so slow that the pilot can reasonably apply a correction. If the aircraft exhibits
dynamically unstable oscillatory behavior, the oscillations need to be either totally
eliminated or damped sufficiently through passive or active means.
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Aircraft control is concerned with the response of the vehicle after control mech-
anisms have been intentionally manipulated to deviate from a given equilibrium
condition. Aerodynamic control is traditionally achieved through three sets of ded-
icated surfaces: elevators in pitch; ailerons primarily for roll and secondarily for
yaw; and the rudder primarily for yaw and secondarily for roll. Control is a dif-
ferent issue than stability. The aircraft control system should possess a consistent
response to a control action; control reversal must be avoided entirely. The author-
ity of control surfaces should be calibrated such that a statically stable aircraft is
not “too stable”. Also, the force needed to manipulate the control should steadily
increase with the control displacement and be correspondingly reflected in the air-
craft response. Little or negligible time lag should prevail in the aircraft response
to a control input. These requirements not only apply to aerodynamic control but
also the engine throttle, and hence speed.

In view of the foregoing discussions, in conjunction with the notion that too sim-
plified methods in assessing handling qualities are not tenable, and the fact that
gross inefficiencies would result from manual calculation procedures, it is quite evi-
dent a requirement now exists to develop and integrate a dedicated software system.
This utility should permit rapid and economical estimations of aerodynamic stabil-
ity and control qualities from data available in the conceptual design stage. Two
candidates that can conduct stability and control analysis are the Digital Datcom
[32] and Mitchell [39] computer programs. The Digital Datcom for all intents and
purposes is a translation (with some minor differences) of the USAF Datcom meth-
ods into a computer program. The greatest drawback of Digital Datcom is that the
methods are geared more towards preliminary design operations which raises issues
of inconsistency between formulation of critical assumptions for complex analysis
techniques. In contrast, the Mitchell code most advantageously works from a more
simplified numerical description of the external geometry, and from that basis, can
compute the aerodynamic derivatives, moments of inertia, characteristics of the
fixed-stick stability modes, the lateral response to control inputs and disturbances,
and some low-speed limitations.

2.2.3 Flight Simulation
Flight simulation requires evaluation of the forces and moments on the aircraft
from its flight state. The complete description of the 3D movement, Eqn. 1, is
treated in detail in texts on flight mechanics, e.g. the classical textbook by Etkin
[38]. The forces on the aircraft can be computed from the air stress tensor on the
wetted surface. This would require the knowledge of the relative air motion in
detail. However, when we consider the aircraft flying into still air, the forces must
depend only on the aircraft motion, instantaneous as well as its history.

Some simplification is offered by dimensional analysis: the force is proportional
to a length scale squared, and the moment to a length scale cubed. Aerodynamic
forces are always resolved into drag, parallel with the wind vector, and lift and
side forces, orthogonal to it. For the 2D situation of Fig. 11, the forces and mo-
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ments so non-dimensionalized by division are called lift, drag, and pitching moment
coefficients,

L = qS · CL; D = qS · CD; M = qSc · Cm

q = 1/2ρU2
∞ is the dynamic pressure, S is the wing (reference) area, and c is usually

taken to be the wing (mean aerodynamic) chord.

Figure 11: Velocity vector V∞, attitude angle θ, angle of attack α, Lift and Drag
forces.

Force and moment coefficients depend on Mach number, altitude, relative wind
direction, rotation angles, e.g. the Euler angles, and angular velocities. Also the
settings of control surfaces and engine thrust influence forces and moments. It
follows that in a representation of forces and moments for a rigid aircraft there
would be six more than ten-dimensional tables. Approximations and simplifications
by exploitation of almost-linearity and weak interdependencies, see Eqn. (2.2.4),
are needed to lift the curse of dimensionality. Thus, the data is approximated by
sets of lower (usually three) dimensional tables. Still, the population of the tables
by CFD is computationally expensive.

The flight-dynamic equations for aircraft motion begin with Newton’s Second
Law and lead to the the non-linear inertial expressions for translation, rotation,
and kinematical relationships, written in symbolic form,

Translation : mV̇ + ω × mV = Faero + Fthrust + Fgravity

Rotation : Iω̇ + ω × Iω = Maero (1)
Kinematics : Θ̇ = L

where F denotes aerodynamic (aero), propulsion (thrust) and gravity forces;
M denotes aerodynamic (aero) moments; V represents the velocity of the aircraft
and ω its rotation rate; m denotes its mass and I moments of inertia; Θ is its
orientation angle and L the Euler angle rates. The coupled expressions in Eqn. (1)
yield a system of ordinary differential equations that determine the instantaneous
motion of a rigid aircraft.
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2.2.4 Decomposition by Linearization
The aircraft is free to move under the influence of the aerodynamic forces and
moments while the instantaneous state of the flow field surrounding the aircraft is
influenced by its prior states. The classical approach is to linearize the dependence
through a perturbation analysis that effectively decouples the system and mitigates
the problems of high-dimensionality. This approach yields the so-called stability
and control parameters to characterize aircraft flight dynamics. A large knowledge
base has been built on this concept to help designers do their work. The force and
moment coefficients C−− are expanded to first order in a Taylor series yielding the
static and dynamic stability derivatives, exemplified by the time dependent pitch-
ing moment coefficient Cm,

↓
Cm(t) = Cmo

+ Cmα
α + Cmδe

δe + Cmq
q c

2V + Cmα̇
α̇ c

2V
� ↑ � ↑ ↑

static constant angular rate dynamic

where α is the angle of attack, δe the elevator deflection, q the pitching rate, c
wing chord, α̇ = dα

dt , and V airspeed. The task then is to compute these derivatives
by CFD and use them for solving Eqn. (1), the S & C task. Dynamic stability
parameters (derivatives), in particular, provide information about the stiffness and
damping attributes of the dynamic system. For example, the so-called damping
derivatives characterize the variation of forces and moments with respect to an-
gular rates. The S & C module SDSA in CEASIOM analyzes and evaluates the
dynamical system (1) for suitable flight handling qualities using such parameters.

2.2.5 Stability & Control Module
The SDSA module (Simulation and Dynamic Stability Analyzer) provides the fol-
lowing functionalities [30]:

1. Stability analysis:

a. Eigenvalue analysis of linearized model
b. Time history identification (nonlinear model)

2. Six Degree of Freedom flight simulation:

a. Test flights, including trim response
b. Turbulence

3. Flight Control System:
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a. Human pilot model
b. Stability Augmentation System
c. FCS based on Linear Quadratic Regulator (LQR) theory

4. Performance prediction

5. Miscellaneous (data review, results review, cross plots, etc.)

Aero-data are “fused” from different sources, see Section 2.3.6, which can be
used in SDSA for Stability & Control analysis [40].

2.2.6 AeroCFD for Aerodynamic Table Construction

Alpha Mach Beta Q P R CL CD Cm CY C� Cn

x x x - - - x x x x x x
x x - x - - x x x x x x
x x - - x - x x x x x x
x x - - - x x x x x x x

(a) Stability coefficients table

Alpha Mach δe δr δa CL CD Cm CY C� Cn

x x x - - x x x x x x
x x - x - x x x x x x
x x - - x x x x x x x

(b) Control coefficients table

Mach Cmα̇
CZα̇

CXα̇
CYβ̇

C�β̇
Cnβ̇

x x x x x x x
(c) Unsteady coefficients table

Table 1: Format of tables in SDSA

A prerequisite for realistic prediction of the S & C behavior and sizing of the
flight control system is the availability of complete and accurate aerodata, i.e. the S
& C database of forces and moments. The aerodata is represented by a multidimen-
sional array of dimensionless coefficients of aerodynamic forces and moments, stored
as look-up tables as functions of the state vector and control surface deflections.

The aerodynamic tables in AeroCFD have the following format for the stability
coefficients, for the control coefficients and for the unsteady coefficients, respec-
tively.

In early CEASIOM, the entries in the tables are computed automatically by
methods ranging from handbook methods to VLM and by Euler CFD with little
user interaction. Kriging and co-Kriging techniques are employed to correct data
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produced by a low-fidelity method with only a “few” high-fidelity points [41]. It is
also possible to fuse windtunnel data with data from CFD to populate the tables.

2.3 Contributions to CEASIOM: New CEASIOM

The discussion of the development refers to a number of software components. The
acronyms in common use are given below.

Acronym Description Reference
SU2 Open-source Unstructured Grid Solver & Optimizer [42]
Sumo Aircraft Surface Modeler & Mesher [34, 43]
VSP Parametric Aircraft Geometry Modeler [44]
RDS Geometric Conceptual Design Program [11]
Edge Unstructured Grid CFD Program [45]
ADAS Geometry for Conceptual Design [46, 47]
CPACS Common Data Format Aircraft Design [48]
TetGen Tetrahedral Mesh Generator [49]
Vampzero Conceptual Design Package [50]
SCID Surface Curvature Integration [51, 52]

The thesis contributions to CEASIOM functionality are itemized below to-
gether with references to relevant papers. The work on aerodynamic shape opti-
mization merits a whole chapter, Chapter 3.

• Support for collaboration and integration by adoption of CPACS common
data format; Papers: D, H

• Interfaces to design packages for baseline configurations (RDS, VSP, ADAS,
Vampzero); Papers: F, G, H, J

• Geometric data support for higher-fidelity flow solvers by creation of meshable
models via auto-meshing by Sumo; Paper H

• Data base building for Stability and Control and Loads; Papers: D, I

• Support for Aerodynamic Shape Optimization (SU2, Sumo – Edge, and
SCID); Papers: B, C, E, [OP2] [53], [OP3] [54]

2.3.1 Adoption of CPACS - Support for Collaboration and
Integration

Design of aircraft is a multi-disciplinary effort carried out by several teams with
complementary competencies. Many different computational tools are used in the
process, and the results of one simulation must be fed into another in a timely
and organized fashion. There are many different directions to consider in making a
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software system to support the engineering teams. The German Aerospace Center
DLR CPACS project [55] addresses both process, control, and data perspectives to
create a flexible, extensible, and comprehensive data centric framework for analysis,
simulation, design, and optimization tasks. The framework uses XML-files for
data, just like early CEASIOM, so the DLR development offered an opportunity
to connect CEASIOM to the CPACS universe. The effort was moderate, and
consisted in
(i) adopting the CPACS XML data formats; and
(ii) creating the CPACScreator graphics tool for editing the aircraft design data.

The beneficial effects for CEASIOM are evident, providing more generality in

• Shapes of lifting surfaces

• Fuselage, nacelle, fairing, etc., surface shapes

• Control surface definitions

• Use of XML-tools

The connection brought to the CPACS world the CEASIOM comprehensive set of
tools, most notably (i) higher-fidelity CFD via the Sumo - Edge module; (ii) aero-
elastic analysis by the NeoCASS modules; and (iii) stability and control analysis
and design by the SDSA module.

2.3.2 Baseline Configurations from Several Sources
CEASIOM’s CPACScreator package supports definition of a configuration from
scratch, but the geometry must have been reasonably sized for the intended flight
missions as a baseline. A number of software systems have been developed for early
conceptual design, often referred to as Overall Aircraft Design, such as AAA, RDS,
VAMPzero, VSP, and ADAS [11, 12, 44, 46]. The generality of the CPACS data
format allows translation of most of the geometric and other data in these systems.
Approximation must be used in cases where there is no one-to-one correspondence.
Such “wrappers” were created with reasonable effort [48, 55–57], and enabled rapid
studies of a number of configurations by inviscid CFD. This extends the analysis
envelope into the transonic regime, and also to include a propeller propulsion.

2.3.3 Higher Fidelity Geometry and Meshable Models from
CPACS

The universe of geometries describable by early CEASIOM data format was some-
what limited, and e.g. blended wing-body and joined-wing configurations required
significant approximations and user interaction. Adoption of the CPACS data
format expanded the universe significantly. We give here a few examples of the
translation/approximation operations in the wrappers.
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Wing planform with N kinks Early CEASIOM accepted only two-kink wings
with trapezoidal panels in between which models most conventional airliner wings.
But e.g. the blended wing-body in [58] and recent configurations such as the B787
have rounded wingtips combined with advanced winglets, and high-fidelity flow
modeling must take this into account. Optimization of wing planforms to reduce
wave and induced drag is a matter of fine-tuned shaping and requires very detailed
representation of the shape. The CPACS wing shape definition accepts any number
of sections, each defined by a point cloud, and geometric accuracy is limited only
by the number of sections and points. Various lofting and interpolation schemes
allow reduction of the required number of data points. As an example, the surface
modeler Sumo [34] employed in CEASIOM supports user-guided tolerance-driven
least squares approximation of shapes defined as polyhedra (e.g. from STL files)
as B-spline curves.

Fuselage definition by cross-sections Fuselages and other components such
as wing booms and wing tip tanks are also modeled by any number of cross sections
represented by point clouds. Early CEASIOM fuselage definition could not accu-
rately model e.g. a canopy or the nose-window-fuselage junction which produced
spurious pressure gradients.

2.3.4 Meshable Models - the Key to Physics-based Analysis

The software systems for Overall Aircraft Design use handbook methods such as
USAF Datcom to predict forces and moments on the airplane. Additionally, they
provide definitions of surfaces to check engine, fuel, pilot, etc., geometric com-
patibility, and can plot 3-view drawings. However, the surface definitions are not
originally intended for use in flow simulations. Higher fidelity CFD requires a com-
putational mesh:
(i) For vortex lattice methods, on the mean camber surfaces of lifting surfaces;
(ii) For panel methods, on the whole wetted surface; and
(iii) For non-linear (Euler and RANS) models, a volume mesh on the flow domain
between surfaces and an assumed far-field boundary.

Improvement of the fidelity of flow prediction in early design requires CFD,
which in turn requires creation of a meshable model from the shape definition. The
surfaces must be trimmed and gaps closed, non-smooth edges smoothed and small
geometric detail faired over, as required. In general, general software for such CAD
repair is complex and expensive. But the surface/volume model needed for the
clean aircraft geometry in early design stages is simple and smooth, and short-
cuts can be taken. The Sumo aircraft surface modeler and mesher developed by
D. Eller, KTH, [34] together with the TetGen [59] high-quality tetrahedral mesh
generator developed by H. Si [49] becomes an automated volume mesher for Euler
flow computation.
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2.3.5 Rapid Meshing Tool Sumo
The SUrface MOdeler, Sumo [34], is a graphical tool aimed at rapid creation of
aircraft geometries and automatic surface mesh generation. It stores the cross-
sectional information (points) as skeletons for the components, e.g., wings, fuse-
lages, nacelles, and pylons. All the surfaces are represented by bi-parametric
patches of the form (x, y, z) = S(u, v), where at least the first derivatives with
respect to the parameters u and v are continuous across patch boundaries and the
parameterization is such that G1-continuity ensures. It provides an easy-to-change
environment to modify/re-construct the geometry by specifying the global or/and
local leading edge positions, cross-section points, twists, rotations, etc., which are
the parameters we control. Sumo lofts the geometry and generates high-quality
surface triangular grids by automatically trimming and closing the surfaces. For
version 2.5.4 and above it has an “overlay” function that makes the geometry as
close as possible to a imported CAD geometry, e.g. in STL or IGES format. To-
gether with the TetGen [49] automatic tetrahedral mesh generator Sumo can
rapidly provide a high-quality tetrahedral volume mesh for Euler computation.
Through the recently developed Pentagrow function [60] it will automatically cre-
ate a prismatic boundary layer mesh for RANS computations. To improve mesh
quality, users can control the mesh criteria and it can be saved for next time. The
volume mesh formats supported are standard CGNS, the native .bmsh format for
the flow solver Edge, and the native .su2 format for the flow solver SU2.

The aircraft surfaces can be lofted with CPACS parameters, parameterized in
Sumo by patches of Bézier surfaces. CPACScreator works as a gateway to connect
CPACS model XML to computational grids for CFD analysis. It is a preprocessor
of Sumo, when the non-meshable geometric models from other design sources are
brought via CPACS. Figure 12 shows that the other sources of CAD information
stored in CPACS are imported into Sumo for grid generation, and exported as
different mesh formats for CFD or CAD programs. Stability & Control analyses
can then be done after CFD using CEASIOM tools.

2.3.6 Database Building by Data Fusion
The aerodynamic look-up table entries are computed by CFD models with different
fidelities. To predict the S & C behavior for the flight envelope consisting of all
computed flight conditions, data fusion is needed to construct a prediction model
over the entire envelope with desired accuracy so that the computation efforts can
be reduced. The model is supposed to:
(1) fill the gaps of the flight envelope where CFD (or wind tunnel) data is missing;
(2) correct the lower-fidelity simulations by higher-fidelity data so that the overall
accuracy is enhanced.

In CEASIOM the Data Fusion Toolbox is made by Kriging and co-Kriging
[61] computed by the DACE Matlab Toolbox [62], which provids the regression
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Figure 12: From CAD lofting to computational grids via the rapid meshing tool
Sumo.

functions and correlation models. Kriging is a method for scattered data interpo-
lation which sees the data to be interpolated as a stationary stochastic field with
correlation between data samples depending only on their relative location. The
correlation function is unity for co-inciding locations and vanishes with distance
with a length-scale. The estimation of length-scales depends strongly on the data
to be interpolated. Also the estimated variance - interpreted as mean square error -
is predicted. The Kriging predictor is then the smallest variance, linear, unbiased es-
timator F(β, x) of ŷ at a point x from existing data Y = {yi} = {y(xi)}, i = 1, 2, . . ..
It guarantees the interpolation property ŷ(xi) = yi:

ŷ(x∗) = F(β, x∗) + ψT Ψ−1(Y − F) (2)

where F is the mean value obtained by the regression model, ψ is the correlation
between the x(k) for observed data and the point x∗ to be predicted and Ψ is the
correlation matrix of all the observed data. DACE provides various correlation
functions based on available prior information about the underlying function to be
modeled. The correlation parameters (correlation length) are computed in DACE
by maximizing the likelihood function by solving a non-linear optimization problem
[61, 63]. A new prediction at x∗, ŷ(x∗), can thus be computed with the correla-
tion parameters obtained by Eqn. (2). The co-Kriging approximation is obtained
by updating the correlation ψ and correlation matrix Ψ to the covariance c and
covariance matrix C between the low and high-fidelity observations. Details can be
found in Paper D.
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2.4 Aerodynamic Shape Optimization

The next chapter surveys inverse and direct mathematical optimization methods
focused on wing design. This work contributes the aerodynamic shape optimization
modules for CEASIOM, as described in papers A, B, E.

It is argued that although wing design can be viewed as an optimization prob-
lem, it is so complex that the current computer and algorithm capability require
a decomposition approach. This is how industry performs the design task today,
and still will in the near future. We also argue that the engineer-designer should
be given tools to interact in a detailed fashion in the coordination and formulations
of the sub-tasks, and also in the optimization iterations. The hybrid optimization
method we propose was developed for the latter situation. The LINDOP - Mses
analysis system developed by Drela [64] computes airfoils and is fast enough to be
used interactively. But computational resources for wing design are orders of mag-
nitude greater and most flow computation software cannot supply the sensitivity
information needed. The proposed system therefore is loosely coupled so that CFD
program, optimizer, and geometry management software can be simply exchanged.

Three new distinct aero shape optimization functionalities have been added to
CEASIOM:

1. SCID for inverse design;

2. scripting with Matlab Optimization Toolboxes;

3. adjoint-based gradient searches with the SU2 code.
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CHAPTER 3
Wing Design Methodology

Wing design is one of the cornerstones of aircraft manufacture and details of the
procedures used are well-guarded intellectual properties of the manufacturers. It is
safe to assume that creation of an efficient wing from scratch for a new configuration
requires significant industrial effort. An account of wing design in the seventies is
given by Ryle in [65]. The process is described also in Obert’s book, [66]. Ryle de-
scribes the process in some detail but leaves out much of the relevant mathematics.
One must remember that, at the time of Ryle’s writing, CFD was in its infancy and
accurate computation from first principles of the transonic flow around a suggested
wing was all but impossible. Thus, potential flow was the workhorse mathematical
model, corrected in various ways like the Prandtl-Glauert Mach number scaling,
and shape modification by estimated boundary layer displacement thickness. It is
also safe to assume that there is much to gain by copying an existing wing, known
to be efficient, as a baseline and modifying it to satisfy the new performance re-
quirements. This means that wing design for unconventional configurations is an
even greater challenge since there is no obvious baseline to start from. A typical
wing design process is shown in Fig. 13.

We shall assume very preliminary design to come up with a number of important
parameters, like wing loading, wing area, cruise Mach number, sweep angle and
taper ratio, the first step in Fig. 13. Raymer’s book [11] has several examples.
There are also geometric and structural constraints. The wing must have sufficient
volume to contain the fuel and control surface actuators, be thick enough to carry a
wing box which can withstand the aerodynamic loads, and simple enough to allow
economic manufacture. Aero-elastic effects must also be taken into account. The
designer must create a shape with low drag at cruise, safe stall characteristics, and
satisfactory divergence, flutter, and buffet speeds. This is much more complicated
than choosing the shape from a given family which minimizes the drag at a given
lift coefficient and Mach number. It is reasonable to ask what help solutions of
such simple tasks can be to the design office. There is of course the long-term hope
that with much faster computation the complexity of the optimization task can be
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Figure 13: Wing design process.

increased to become more realistic, and that the algorithms will become less myopic
in their search of the design space.

But in the near term, optimization exercises are already very useful in at least
two different ways. First, they show patterns of shape modification, and the result-
ing flow changes, so that the engineers learn more about the mapping from shape to
performance. Second, they are useful in shape modifications to shave the last drag
counts off an already well designed wing by weakening shocks or reducing adverse
pressure gradients locally. It follows from these deliberations that software tools
for aerodynamic design should provide both efficient solution of tasks formulated as
optimization problems, and support shape modification to manipulate the flow field
by inverse design where the objective as well as constraints can be easily changed.
In the following, we consider only the aerodynamic shape optimization sub-task in
the decomposed overall design task.

3.1 Aerodynamic Wing Design: Historical Survey

A representation of the development of wing design practice is shown in Fig. 14.
The wind tunnel testing has largely been replaced by simulation, and flight tests
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are used in current projects essentially for certification purposes. Of course, flaws
in performance and flying qualities may still be discovered only in flight tests. In
the pre-computer era, linear theory such as conformal mapping methods for air-
foils and lifting line theory for wings were the tools for aerodynamic design, and
transonic effects were included by heuristics. Aspects of the wing design procedure
are shown in articles by Bagley, Lock, Rogers, and Haines, [67–70]. 1970 saw the
dawn of the computational transonics era with more reliance on computations, as
described in Ryle’s paper [65]. Transonic small potential and full potential flow
predictions became the standard, as exemplified by Jameson’s FLO22 software. In-
verse design, which had been used for low speed wings, was applied to supercritical
wings. An overview of wing design practices from 1970 to the nineties can be found
in [71–76]. The computational flight envelope was expanded by RANS modeling
with the advent of affordable high performance computing offered by PC clusters.
This also brought MDO and non-linear optimization into practical use as standard
tools in the industrial wing design procedure [13, 77–80]. Although one may think
of wing design as a special case of optimization, it is so complex with many as-
pects to consider that somehow it must be broken down to sub-tasks assigned to
different groups of experts. Much effort has been spent with significant progress on
the decomposition process and its software support, especially for MDO [15, 81].
Applications to blended wing-body configurations are given by Wakayama [82, 83];
such a configuration is studied also in Paper E. Currently, software frameworks have
been developed both in academia such as M. Drela’s TASOPT [84, 84] and industry,
as briefly discussed in Section 2.1, see also [28, 85, 86]. The industrial approach
is illustrated in reports from EU aerospace projects such as VIVACE [87]. Vass-
berg et al. [88, 89] are representative of efforts to improve collaboration across the
academia-industry border, and design projects using MDO computational frame-
works are reported in [90–94].

Aerodynamic Design - three approaches from a user perspective

As outlined above, wing shape design is approached by a procedure which involves
optimization steps. Therefore, we distinguish three approaches:
(1) the direct optimization design (mathematics-skill dependent);
(2) the inverse design (engineering-skill dependent); and,
(3) the hybrid approach which combines both of them.

Direct approach The direct approach, discussed in more details in Section 3.4,
requires the user to define the cost function (usually the drag) along with the
constraints, and then seeks the solution to the constrained optimization problem by
mathematical algorithms for non-linear optimization. When the algorithm involves
gradient searches, the sensitivities that indicate how to change the geometry in order
to reduce the cost function can be computed also for very many design parameters
by solution of an adjoint to the flow problem. This approach is the most popular
way of doing optimization nowadays as the computer capacities is continuously
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Figure 14: Wing design practice evolution.

increasing. However, it is always trapped in a local optimum due to the limitation
of the algorithms, and it may over-exploit the flow localities as shown by Drela [95].

Inverse design The second approach works by first finding a well-posited pres-
sure distribution that fulfills the design requirements and then determining a ge-
ometry that yields this target pressure. One big issue of this approach is that
it needs to formulate a good “target” pressure distribution first, which requires a
knowledgeable engineer in the loop. Inverse design is treated in Section 3.5.

Hybrid design The hybrid method described in Section 3.6 can employ both
approaches under user control. One example is LINDOP optimizer [64, 96] in the
Mses [97] package. For wing - and complete configuration design - one can consider
a 3D version to support the complex design procedure. However, the response
time for 3D flow computations are problematic. Computer resources several orders
of magnitude greater than for airfoils are required to provide the response time
comparable to the Mses airfoil simulations.
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3.2 Parameterization

The wing shape is defined by quantities we call parameters, and the shape influences
the flow through the computational grids. The two common approaches define the
shape of the wing, or the deformation of a baseline wing. Details of the mapping
from parameters to flow depends on the choice of parameters. Common parameters
for the overall shape definition are:

• Coefficients in formulas, such as the digits in NACA four-digit family, which
define the thickness, maximum camber, and position of maximum camber;

• Control points for CAD-curves such as B-splines and Bèzier curves [98–100].

And for shape deformations:

• The set of grid points on the wing surface;

• Combinations of local “bumps” on the surface;

• Free-form deformation of the surface by boxes defined by CAD control points.

For the overall shape definition, mapping from surface mesh to volume mesh is
usually done by “re-meshing”, i.e. re-creation of the complete grid for each shape
to analyze. The generated grids will have well-formed cells, and usually mesh
generation takes only a small fraction of the flow solution time. This allows loose
coupling but also means that each flow solution must be done essentially from
scratch since the number of flow variables is different from the previous calculation.
However, if the CFD package supports interpolation between arbitrary grids it is
possible to obtain a good initial guess for the flow which can speed up the solution.

In the deformation approach, only the coordinates of grid points change, so no
interpolation is necessary for initial guesses. A mesh deformation algorithm for
propagating the deformation of surfaces through the whole grid is needed. The
cheapest alternative is interpolation methods for arbitrary points, based on e.g.
radial basis functions or Kriging. Also PDE-based methods employing the equations
of elasticity, or the Laplace equations are in use. However, these techniques are most
easily implemented closely coupled to the flow solver. The PDE methods provide
some guard against creation of bad computational cells. But although they deal
with deformations which are every small compared to wing dimensions, they can
be large compared to mesh cell sizes, e.g. at a sharp trailing edge when the twist
is changed.

3.3 Shape Definition

There are many ways to parameterize a wing, to produce either the lofted wing
surface, or the set of surface mesh points. For example the wing surface can be
lofted through airfoil stacks, or the geometry can be represented by modeling the
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perturbations of a “baseline” shape [101]. The latter technique can also perturb
off-surface mesh points, by so-called “mesh deformation” [102]. This section shows
popular parametrization methods used in the test cases, and discusses the mesh up-
date methods, namely, re-meshing and mesh deformation. Although the CAD-free
parametrization techniques have been proposed [103, 104], we believe that the re-
meshing technique has some advantages. Re-meshing is easy if a smooth geometry
is provided. A reliable and fast meshing tool is a key. SCID uses Sumo [34], a tool
for rapid automatic Euler and RANS meshing. If re-meshing rather than mesh de-
formation is applied in finite difference approximation of derivatives, changes to the
design variables cannot be too small, lest the unavoidable, random-looking mesh
changes resulting from the detailed workings of the generation algorithm hide the
gradient information. This rule is applied when using CEASIOM optimization
Matlab scripts in Section 3.4.1.

3.3.1 Wings as Airfoil Stacks
Airfoil sections are the most important building block of aerodynamic geome-
try. Vassberg and Jameson [105] state that: “Airfoils are used to define wings,
pylons, nacelles, struts, winglets, features, horizontal stabilizers, verticals, pro-
pellers, turbomachinery blades and stators, cowls, blimps, sailboat sails, keels and
ballast-bulbs, cascades, helicopter rotors, fins, chines, strakes, vertical/horizontal-
axis wind turbines, flaps, frisbees, and boomerangs.” In most software systems for
aircraft shape definition, the defining stations are chordwise cuts. The wing surface
parametrization is decomposed into parametrization of n stations of airfoils. It is
customary for the first defining station to be at the symmetry plane (wing root),
and the last defining station to be at the wing’s theoretical tip. Each airfoil (de-
fined as scaled to leading edge at the origin to trailing edge at [1,0]) is rotated by
an incidence, translated to the defining station leading edge, then scaled to match
the projected planform chord. The wing surface is usually lofted from the sections
by Bézier or Bspline surfaces [99].

3.3.2 Airfoil Shape Definition
Some airfoil families are defined by a number of parameters with geometric inter-
pretation, such as the NACA four, five, and six-digit families. But those families
are of limited interest for the super-critical airfoils for transonic speeds, so more
general schemes must be devised.

Bézier/Bspline Curves

Bézier/Bspline parametric polynomials to define the airfoil shape is a simple and
robust technique [98–100]. It can conserve geometrical properties like leading edge
radius and trailing edge angle, and foil definitions by a set of coordinates can be
approximated simply, often as a least-square fitting problem. Melin [106] et al. find
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Figure 15: Airfoil stacks to loft a wing.

that four pieces of cubic Bézier curves [98] can approximate most known airfoils
with acceptable errors.

SCID [51, 52] uses Bézier curves for geometry update and smoothing purpose
with wings represented by airfoil stacks. Fig. 16 shows the control points to ap-
proximate the RAE 2822 airfoil, and that the mean square error (MSE) is much
below 0.1%.

(a) Bézier curves and control points (b) MSE error

Figure 16: SCID Bézier approximation to RAE2822 airfoil.
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The suction side and the pressure side are each represented with 2 pieces of
cubic Bézier curves. Fig. 16 shows the technique with details for the suction (s)
side. The leading edge and trailing edge are fixed at [0,0] and [1,0]. The design
variables for the suction side are a, b, c, x4, y4, x6 and y6. The extreme point Ps4 is
the position where the profile has maximum z (minimum z value for the pressure
side). Ps3 and Ps5 have the same z as Ps4.

Leading Edge/Trailing Edge Morphing Surfaces

Movable trailing edge surfaces without gaps are claimed to form a seamless tran-
sition region with the wing with the flow remaining attached at the forward edge
and sides, within the ACTE (the Adaptive Compliant Trailing Edge) project by
NASA and U.S. Air Force Research Laboratory. This flap is proposed to dedicate
to a quieter and lighter future airliner.

The control surfaces/flaps can be modeled using morphing strategy. It is im-
plemented by merging various airfoil parameterization methods with the original
camber line deformed by quadratic Bézier curves and the thickness distribution
is preserved. The leading and/or trailing edge is deflected by a deflection angle
provided that the hinge line is known, see Fig. 17. Two more design variables LE
deflection angle and TE deflection angle are added to each section if the morphing
surfaces are considered.

The quadratic Bézier control points are chosen to give G1-continuity of the
deformed camber line. This technique for modeling the leading/trailing edge devices
may not be as accurate as rotating the whole control surfaces /flaps with a certain
angle directly, but it simplifies the work of treating the wing surface compression
and expansion.

Airfoil definition by thickness and camber can include the morphing leading
and trailing surfaces, as discussed above, giving a larger envelope of shapes. The
decomposition technique is used in CEASIOM Matlab scripts since the design is
usually carried out sequentially by designing the thickness, camber and twist, so
the associated decomposition parametrization technique is consistent. However, the
SCID algorithm varies the surface curvature, not thickness and camber explicitly,
thus uses the standard Bézier curve definition of upper and lower surfaces.

3.3.3 Parameterization of Shape Perturbations
Mesh Points and Mesh Deformation

When the mesh points are used to represent the surface, the design variables are
the coordinates of the mesh points. The main advantage of parameterizing a shape
with mesh points is that there is no restriction on the attainable geometry. Also,
this parametrization technique can be easily implemented in any design problem.
However, the use of mesh points does present some difficulties. First, the indepen-
dent displacement of points may create non-smooth surfaces which are unsuitable
as lifting surfaces and give the flow solver a hard time. Second, if all surface mesh
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Figure 17: The geometric parameters describing the morphing airfoil for optimiza-
tion.

points are used, the method is very costly for 3D problem since we will deal with a
large number of design variables (i.e., surface mesh points). Both difficulties can be
easily resolved by using a set of smooth functions to perturb an initial mesh so that
the surface mesh points are mapped from a limited number of design variables, such
as in LINDOP – Mses [64, 96, 97] and SU2 [42]. Of course, the rest of the grids
must be deformed accordingly. SU2 uses the linear elasticity equations [42, 107]
to compute the volume mesh displacement from the displacement of the perturbed
surface. If the computational cells are small, this prevents creation of negative vol-
ume cells by deformation. In certain circumstances, further mesh smoothing [102]
will be required.

Figure 18: The i, j surface mesh point moved by δXΓ(i, j).

Hicks-Henne Bumps

A single Hicks-Henne (HH) bump function [108] perturbs the airfoil shape (y co-
ordinates) by a “bump”, so that with a sequence of HH bumps there obtains a
perturbation of the airfoil shape,

Δy(x) =
N�

k=1
αk sin

�
πx

log 0.5
log xk

�t
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Figure 19: Surface mesh points moved by a Hick-Henne bump[108].

with the x-locations of max-points are xk, k = 1, 2, . . . , N , and the coefficients αk

are design variables. Figure 20 shows an example of the fourth order bumps (t = 4)
with N = 10, xk is equally-distributed over [0.5/N, 1 − 0.5/N ].

Figure 20: The Hicks-Henne bump functions, t = 4, with N = 10, xk are equally-
distributed over [0.5/N, 1 − 0.5/N ].

Free Form Deformation

Free-Form Deformations (FFD) provides a method of deforming an object by ad-
justing the control points of a lattice. The technique was first described by Seder-
berg and Parry in 1986 [109] and its effect is used in computer animation. In 2D the
shape perturbations are simply modeled by Bézier/Bspline/NURBS control points
[98, 100, 109, 110]
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δx(u, v) =
nx−1,ny−1�

i,j=0
δCPi,jBnx

i (u)Bny
j (v)

x = xmin + u(xmax − xmin)

where nx, ny are the degrees of the FFD functions, u, v ∈ [0, 1] are the paramet-
ric coordinates, CPi,j is the nx × ny array of control points, Bs are the Bernstein
polynomials [99]. Figure 21 shows an example that deforms a NACA-0012 airfoil
by a 5×2 FFD Bézier Box. In SU2 deformation of the baseline wing are done by a
3D FFD Bézier Box [42, 109] in a similar way.

Figure 21: NACA-0012 deformed by a 5×2 FFD Bézier box.

3.4 Direct Mathematical Optimization

The CEASIOM direct mathematical optimization tools and the SU2 aerodynamic
design software are described below. They have been applied to wing designs for
a blended wing-body. Results are given in Chapter 4. A straight-forward way to
search for an optimal design is to construct a non-linear constrained optimization
problem,

min: I = I(w, X)
subject to:

CL(w, X) ≥ C0
L,

Cm(w, X) = C0
m,

gj(XΓ ) ≤ 0, 1 ≤ j ≤ m,

(3)
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where X is the mesh, XΓ is the surface of the geometry, w is the flow field
variables, and gj are the geometric constrains. The cost function I is selected by
the designer, which might be the drag coefficient I = CD, the drag to lift ratio
I = CD

CL
, or the pressure difference I =

�
(p − pd)2dΩ if an inverse design problem is

being posed. Numerous optimization algorithms [111] are available for attempted
solution of the mathematical problem. We have the mesh generation algorithms

M(X, XΓ ) = 0 (4)

and the surface parametrization algorithm S

S(XΓ , l) = 0 (5)

where l are the design variables which determine the surface XΓ.
The change in I can be estimated by a small variation δl to the parameter

vector and recalculating the flow to obtain the change in I, thus approximating the
directional derivative,

I(l + δl) = I(l) + dI

dl
· δl + O(||δl||2) (6)

Most optimization algorithms employ a line search along search direction d,

ln+1 = ln − λd (7)

with λ a step size parameter. The search directions d are composed from gra-
dients dI

dl ; Quasi-Newton methods also compute approximations to the Hessian
matrix of second derivatives, Hij = d2I

dlidlj
, by differences of gradients in an updat-

ing scheme. Thus, computation of the gradients dominates the computational cost
for high-dimensional parameter spaces.

3.4.1 CEASIOM Optimization by Matlab Scripts
Loose coupling of computational modules is a very attractive model for MDO ap-
plications. CFD solvers and structural mechanics packages are complex and the
commercial packages have data structures and application program interfaces which
are proprietary with documentation not available to users. However, every package
has input and output files which are necessarily well documented. The computa-
tional modules can be coupled by monitor-type programs which understand the file
formats and know how to read and write the files and how to translate between
different parametrizations. Several such packages such as iSight [22], ModeFrontier
[24], Oculus, are commercially available for parameter optimization, uncertainty
quantification, etc.

CEASIOM’s aerodynamic shape optimization capability is built in this fashion.
A set of Matlab optimization scripts creates a CPACS XML-file with the geometry
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computed from the parameters. The CPACS file is read by Sumo, which creates
a surface grid. This in turn is sent to TetGen which makes a volume grid, output
as a mesh-file for Edge. Edge computes the flow solution and returns quantities
of interest, such as pressure fields, forces, and moments, as files. These are read
by the Matlab scripts which then evaluate the objective and constraint functions,
computes updated values of the parameters, and repeats the sequence. Gradients
needed by the optimization algorithm are computed by finite differences. The loose
coupling allows easy distribution of tasks on cluster computers. For instance, the
ndof evaluations of objective function needed for a complete gradient with ndof
optimization parameters are independent and will be distributed on the cluster to
minimize wall clock time.

3.4.2 SU2 Aerodynamic Simulation and Optimization Package
Examples shown here of direct optimization design using adjoint derivatives are
computed by the SU2 [42] software suite from Stanford University: an open-source,
integrated analysis and design tool for solving complex, multi-disciplinary problems
on unstructured computational grids. The built-in optimizer is a Sequential Least
SQuares Programming (SLSQP) algorithm [111] from the SciPy Python scientific
library. The gradient is calculated by continuous adjoint equations of the flow
governing equations [42, 112]. SU2 is in continued development. Most examples
pertain to inviscid flow but also RANS flow models with the Spalart-Allmaras and
the Menter SST k − ω turbulent models can be treated.

Gradients by Adjoint Equations

The first application of the adjoint method to aerodynamics is usually credited
to Jameson [113] adapting ideas originally formulated by Lions [114] on optimal
control of systems governed by partial differential equations. The adjoint equations
can be conveniently formulated in a framework to calculate the sensitivity of a given
objective function I to parameters l which control the geometry. The derivation is
easy when R etc. below are interpreted as the finite dimensional discretization of the
flow equations, objective functions, etc. The residual R of the governing equations
for a given flight state(s) which expresses the dependence of flow variables w on the
mesh X is:

R(w, X) = 0 (8)

Thus a small change in X produces a small change δI to the cost function,

δI = ∂I

∂w
δw + ∂I

∂X
δX (9)

and a small change δw to the flow w,

δR = ∂R

∂w
δw + ∂R

∂X
δX = 0 (10)
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The mesh deformation δX is calculated from displacements of the nodes that define
the surface of the geometry XΓ by parametrization S.

Eqn. (10) is multiplied by a Lagrange Multiplier vector Ψ , subtracted from
Eqn. (9) and the result is re-arranged,

δI = ( ∂I

∂w
− ΨT ∂R

∂w
)δw + ( ∂I

∂X
− ΨT ∂R

∂X
)δX (11)

Choosing Ψ so that the first term on the right vanishes gives

[∂R

∂w
]T Ψ =

�
∂I

∂w

�T

(12)

A few words are needed here to explain why we can consider this (the discretization
of) a linear PDE known as the adjoint to the flow equations: we see no derivatives
operating on Ψ . The key here is the scalar product: that is, for the continuous
PDE formulation, an integral over the domain. The trick is to perform suitable
integrations by part in the integral to move derivatives from the primary variables
(the flow variables) to the dual - the Lagrange parameters. Notice also that it is the
linearized flow equation that appears. This implies that the adjoint of the Euler
flow equations is very similar to the linearized Euler equations - they are almost
self-adjoint, which in turn implies that the adjoint equation can be solved by much
the same procedures as the primal (flow equations).

The total perturbation δI now depends only on the change of the mesh δX,
the flow solution perturbation δw having been accounted for. The gradient of I
with respect to an arbitrary number of design variables can be determined without
additional flow-field evaluations. To solve the adjoint equation (12) costs approxi-
mately as much as a flow solution. Note, however, that the boundary conditions in
the adjoint PDE are usually chosen to eliminate boundary integral contributions,
appearing from the integrations by part, rather than to efficiently expell waves
through the boundaries. This may hamper convergence of the numerical solution.
Finite difference methods can also be used to find these sensitivities but are in
general significantly more expensive, requiring at least one additional flow solution
per parameter.

3.5 Inverse Design

Inverse design is a classical way of designing airfoils and wings, which was popular
even before the advent of high performance computing as a tool in aircraft design.
The method consists of predictor and corrector processes which require engineering
know-how at the very beginning of the design stage. The predictor/corrector design
approach systematically modifies a given geometry based on solutions for the flow
around the airfoils or wings. The calculated pressure distribution is compared with
a prescribed target distribution and the resulting differences are used by a geome-
try “corrector” module to modify the current geometry to a shape more likely to
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generate the desired pressure. The corrector module may be an optimization pro-
cedure such as LINDOP [64, 96, 97] described in Section 3.6, or a design algorithm
that directly relates pressure changes to geometry changes. Examples of the latter
type include Barger and Brooks [115] methods for designing supercritical airfoils.
The method was developed and coupled with several two- and three-dimensional
transonic codes by Campbell [116].

Dulikravich [117] solved a similar 3D problem using a Fourier Series method.
Later Campbell [118] and Obayashi [119] raised some ideas on setting up the target
pressure distribution and reasonable constraints for inverse design problem.

Inverse design approach has a long history but it is not out of date. Dealing
with the surface curvatures is robust, and the aerodynamicist sees more physical
properties of the wing. The approach was recently re-visited and improved by
German Aerospace Center DLR [120] with good results on laminar wing design.
Zhang et al. developed the SCID toolbox with the resulting surface curvature
[116, 118] inverse design method. It connects streamline curvatures on the wing
surface with pressure changes to iteratively modify an initial shape. It is combined
with under-relaxation chosen to help convergence, and smoothing procedures to
ensure a smooth surface and curvature. Examples shown here for inverse design
are computed by SCID [51, 52]. In SCID the CFD code Mses is used to solve the
flow around airfoils and Edge is used to solve the flow around wings.

3.5.1 Choice of Target Pressure Distribution
Aerodynamicists have substantial know-how on un-desirable features of wing pres-
sure distributions. For instance, strong suction peaks on the leading edge should
be avoided since the adverse pressure gradient is inducive to boundary layer sep-
aration. Likewise, shocks should be weak to reduce wave drag. Isobars should be
swept with the wing to avoid normal shocks; pressure gradients in the pressure
recovery region downstream of the wing thickness maximum should be mild, again
to avoid separation of the boundary layer. Strong loading of the wing tip is frowned
on by pilots because it makes the wing stall at the tip first, with ensuing changes to
moments. A plausible approach to wing inverse design would be first to design the
pressure distribution, and then the wing surface by inverse design. However, the
class of feasible pressure profiles, i.e. those can be generated by a wing shape which
fulfills the geometric and structural constraints, is not known. Thus, the procedure
must be exercised iteratively, by modification of the original target pressure profile
as the inverse designs indicate what is possible. The pressure distribution alone
determines the pressure forces but not the friction, nor transitions from laminar to
turbulent flow. Also, pressure needs to be supplemented by another thermodynamic
quantity such as entropy in order to fully characterize a compressible flow. This,
again, puts a constraint on the class of feasible pressure profiles. Thus, to predict
drag, the friction drag must be estimated, and this can be done by computing the
boundary layer, since its forcing is the streamline pressure gradient. Takanashi et
al. [121] created optimal pressure distributions in this way by parameterizing the
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profile for a number of wing sections by control points for a Bézier curve represen-
tation and employing an integral boundary layer method, and maximizing lift over
drag for cruise conditions with constraints on sectional cl. The full wing target
surface pressure was lofted from the section profiles.

3.5.2 Low-Speed Design by Linear Methods
Inverse design is a classical tool for creation of lifting surfaces with desirable pressure
distributions. For thin lifting surfaces with attached, subsonic flow the vortex lattice
method produces good approximations to lift force and to induced drag. The lifting
surface is subdivided into panels pi and each panel is associated with a horseshoe
vortex of strength Γi whose short leg is parallel to the panel’s spanwise edge of
spanwise extent Δbj . The chordwise extent of the panel is Δci. The pressure
difference ΔCp,i between suction and pressure sides integrated over the panel is
simply related to the vortex strength,

ΔCp,i = 2Γi

U∞Δci
(13)

velocity created by all vortices satisfies the non-flow through boundary condition

− (dz/dx)i · U∞ = wi (14)

which relates the Γi to the slope by the influence coefficients for z−velocity,

wi =
N�

j=1
kijΓj (15)

There follows the linear relation

(dz/dx)i =
N�

j=1
(kijΔcj/2) · ΔCp,j (16)

which can be used to compute the pressure difference from geometry, the analysis
task, or vice-versa, the design task. The coefficient matrix is non-singular so actu-
ally any pressure difference gives a camber surface, but not necessarily a feasible
one. We shall return to the challenging problem of finding a desirable pressure (or
pressure difference) distribution.

The relation is also useful for “direct optimization” of induced drag by varying
the camber and twist. For this one selects the planform and defines the wing shape
from a number of camber curves; as we see above, only the streamwise slope will
be determined so the geometry must be suitably constrained span-wise, by e.g.
freezing the leading edge. For optimization of induced drag, one usually constrains
lift and moment coefficients CL and Cm. These are easily computed linear functions
of the Γi. The drag itself, when computed by e.g. the Trefftz plane method, or

51



3 Dissertation

the Kutta-Zhukowsky relation for the bound vortices, is a quadratic function of Γi.
Thus, the problem is a quadratic minimization with linear constraints (equality or
inequality). This is a convex problem with a single local, thus global, minimum.
Lamar [122] describes such an algorithm for minimizing low-speed induced drag by
optimizing twist and camber for non-planar wings.

3.5.3 Transonic Inverse Design
Linear methods become inaccurate when the flow is supersonic locally. The mathe-
matical model must take into account the variable density. This can still be accom-
plished by non-linear potential flow models, but they do not treat entropy correctly
and are useful only for weak shocks. Strong shocks create large wave drag and the
wing must be designed for low drag and hence, weak shocks, so nonlinear potential
flow models can be used in design for transonic cruise. The unknown in a non-linear
potential flow model is the mass-flux potential φ, ρu = ∇φ on a grid covering the
volume around the configuration. The inverse design problem is then to find a
shape and a flow that satisfies two boundary conditions on the lifting surface, that
pressure matches the target p∗ and that the flow is tangent,

p = p∗, ∇φ · n = 0

Since the flow model is non-linear, its solution proceeds by iterations, changing the
approximate solution by a small amount at each iteration to decrease the residuals in
the discretized equations. It is possible to adjust both geometry and flow variables
together, see Dulikravich [117]. However, a less intimate coupling between flow
solver and surface modifier is very desirable. It allows replacement of the flow
solver by higher fidelity models such as Euler and RANS packages, and the geometry
management can be more easily connected to the CAD system. Therefore, we focus
on loosely-coupled procedures in what follows.

Wing Geometry

The wing is described by the parametric surface

(x, y, z)(ξ1, ξ2), 0 ≤ ξ1, ξ2 ≤ 1

and

x = X1 = TE(ξ2) + f(ξ1)c(ξ2)
y = X2 = b/2ξ2

z = X3 = X3(ξ1, ξ2)

The ξ1 coordinate is a normalized arclength around cross-sections parallel to the
(x, z)-plane. The trailing edge need not be straight; f is approximately f(s) =
4s(1 − s) so f(0) = f(1) = 0; f(1/2) = 1 to match trailing and leading edges.
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Figure 22: Global and surface coordinates of wing shape.

We shall employ comma-notation for partial differentiation, Latin subscripts for
global x, y, z-coordinates, Greek subscripts for the ξ-coordinates, and the Einstein
summation convention of implying summation by repeated indices. For instance,

ni,αni,α =
3�

i=1

2�

α=1

�
∂ni

∂ξα

�2

Relation Between Shape and Pressure

One must establish a relation between perturbations to flow variables, i.e. the
pressure distribution, and, say, normal perturbations to the surface shape:

δx(ξ1, ξ2) = h(ξ1, ξ2)n(ξ1, ξ2)

the Fréchet derivative is:
dh

dCp

Garabedian and McFadden [123] suggested a flexible membrane analogy expressed
as an elliptic PDE in wing surface coordinates (ξ1, ξ2), using the notation ∂h/∂ξk =
h,k, etc.,

β0h + β1h,1 + β2h,2 +
2�

α,γ=1
βαγh,αγ = ΔCp(ξ1, ξ2) (17)

with suitable boundary conditions. The coefficients βk must be chosen appropri-
ately, in particular to make the quadratic form βij definite. More recently, Du-
likravich et al. [117] developed an algorithm using Fourier methods to solve the
membrane analogy PDE.
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The βk must be large to make the algorithm converge since the membrane
model is not a very good approximation to the Fréchet derivative. A more accurate
relation was developed by Takanashi et al. [121] making use of the adjoint PDE
to the linearized potential equation. We shall return to adjoint PDE’s in Section
3.4.2 in the discussion of direct optimization with Euler and RANS flow models.

3.5.4 Pressure - Curvature Relations
The steady Euler equations with es the unit vector along a streamline, so that the
velocity vector is u = Ues, U = |u|, become

ρU
dU

ds
es + ρU2 des

ds
+ ∇p = 0.

where s is the arclength along the streamline. In the Darboux frame on the wing,
with normal n which determines one normal to the streamline, there holds

d2x
ds2 = des

ds
= cnn + cgt (18)

where t is the second unit normal to the streamline, tangent to the wing surface,
and cn, cg are the normal and geodesic curvatures, viz.. The normal component of
the streamline Euler equation gives

0 + ρU2cn + ∂p/∂n = 0

Introducing the length scale L for the normal variation of p, ∂p/∂n ≈ (p∞−p)
L ,

and using the Bernoulli relation and the definition of the pressure coefficient,

cn − Cp

2L(1 − Cp) = 0

Following Campbell [118], since L is unknown and varies along the streamline,
we introduce an inverse length scale coefficient � and write the curvature-pressure
relation

cn − � · Cp = d2x(s)
ds2 · n − � · Cp = 0 (19)

The �-coefficient was proposed by Barger and Brooks [115] assuming exponential
decay of streamline curvature with wing normal distance. Campbell [116] suggests
the cn-dependence � = A(1 + cn

2)B to produce for perturbations Δcn, ΔCp the
relation

Δcn = A(1 + cn
2)BΔCp (20)

where A and B are adjustable constants.
This relation is a very dubious approximation to reality. The angle of attack

plays no role for curvature, and Cp usually changes sign on the leading edge but cn

does not. The relation between ∂p/∂n and the surface pressure itself is captured in
the �-coefficient, be it taken constant or with some generic variation. How accurate
can the local relation between curvature and pressure be?
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• For linear aerodynamics models the corresponding integral equation is weakly
singular, so the matrix of influence coefficients has large diagonal elements,
indicating that there is strong local dependence.

• For thin wings we use the vortex lattice approximation and obtain a rela-
tionship between streamline slope and pressure difference, Eqn. (13), hence,
a first order differential equation for the shape.

• The appearance of shocks severs the Bernoulli tie between velocity and pres-
sure, and weakens the theoretical justification for the curvature-pressure equa-
tion. Campbell [116] suggests an equation modification which introduces a
first order derivative. Yet, we find that our variant SCID does not need
modifications for the weak shocks in transonic flight of not-so-thick wings.

The perturbation form dcn

dCp
= � is used in shape optimization algorithms and

may be less sensitive to angle of attack. As an example, dCp

dcn
is shown here for a

Van Vooren airfoil for which the incompressible, inviscid pressure distribution can
be found exactly by complex analysis. The angle of attack is zero, the k-parameter
was changed from 1.8 to 1.85, and the difference quotient is plotted. The top shows
airfoils and Cp distributions, and the bottom dCp

dcn
for upper and lower surfaces vs.

x−coordinates, which is the same for the symmetric airfoil at AoA 0.

Figure 23: δCp/δcn for Van de Vooren airfoil.

The best that can be said is that � seems to have the same order of magnitude
everywhere. However, the value of the relation can be judged only by how well the
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shape design algorithms built on it work. To quote Robert McCormack, “All models
are wrong but some are useful.”. Thus, we move on assuming the pressure-curvature
relation to be useful.

Airfoil Case

For an airfoil, i.e. a curve in (x, z)-plane, there is only one curvature and Eqn. (18)
needs only boundary conditions like

x(0) = x(1) = (1, 0)

to become a possibly well-posed boundary value problem, see below.
The pressure-curvature Eqn. (19) becomes

x,11z,1 − x,1z,11
(x2

,1 + z2
,1)(3/2) − �Cp = 0

where the first term is the well-known formula for the curvature. Only for certain
Cp-distributions will the two-point boundary value problem have a solution. The
equation is obviously invariant under rigid-body rotation and translation, so if
a double integral constraint on Cp(s) is satisfied, one must still determine the
angle of attack to obtain a unique solution. If the constraint is not satisfied, the
computed profile will not be closed at the trailing edge, and/or cross itself. Such
situations, as well as satisfaction of other geometric constraints, are treated by
ad-hoc under-relaxation, i.e. by working with the perturbation pressure-curvature
relation Eqn. (21) and projection:
C∗

p is replaced by δ(C∗
p − Cp), where C∗

p is the target pressure, with some small
positive δ, and Cp is the pressure distribution computed for the actual airfoil.

When geometric constraints are violated, the shape is modified locally to avoid
crossing, or globally, by e.g. adding a linear function of s to close the airfoil trailing
edge. Such an algorithm, named CDISC, was developed by R. Campbell [116, 118],
which is the prototype for the SCID algorithm in this work.

Wing Case

For wings the next step is to derive a relation for the perturbation of the shape
x(s) + h(s)n(s) to changes in pressure coefficient:

d2h(s)
ds2 − hni,sni,s − � · δCp = 0 (21)

This is the basis for application of CDISC and SCID to wings. Usually, one neglects
the cross-flow and takes s to be the chordwise coordinate and works on a number
of sections as if they were airfoils. However, a shape deformation on one chordwise
section influences the pressure on all sections, and if the inter-section pressure
coupling is strong, the procedure may not work. Therefore, in this section we

56



Contributions to Variable Fidelity MDO Framework for Collaborative and
Integrated Aircraft Design

derive a PDE in the wing surface from the ODE’s along streamlines. That may
make sense since it would at least capture the crossflow effects. It can easily be
shown that small angles between streamlines and chordwise sections make only
small PDE perturbations to the ODE. But the PDE still does not include the
inter-sectional pressure coupling, which is taken into account in 2.5D analysis of
wing flows [124, 125]. The more heuristic Garabedian-McFadden PDE Eqn. (17)
does include a spanwise pressure coupling, albeit not derived from first principles.
Derived from a membrane analogy it is always completely elliptic, whereas the
wing pressure-curvature PDE is incompletely elliptic, a signature of the lack of
cross-streamline pressure coupling. We hasten to note that we have not carried out
numerical experiments with this PDE, for two reasons. First, as noted above, small
streamline angles give only little crossflow effect, and second, because the PDE
lacks the inter-section pressure coupling we believe is responsible for convergence
trouble with the standard, sectionwise approach.

By standard tools of differential geometry, and neglect of derivatives of metric
terms, Eqn. (21) becomes a second order linear PDE:

1
uγGγαuα

(uγh,γαuα − huαni,αni,βuβ) − � · δCp = 0 (22)

where Gαβ is the metric tensor of the mapping from ξ− to the Cartesian global
x−coordinates, and uα are the velocity components in the ξ−system. The equation
is incompletely elliptic since the quadratic form for the coefficients of the second
derivatives has rank one. This coefficient matrix is diagonalized locally by an
orthogonal ξ-coordinate system with one coordinate along es, leading back to the
original pressure-curvature perturbation equation expressed in arclength along the
streamlines.

3.6 Hybrid Design

This section describes a hybrid scheme which combines inverse design with opti-
mization of the aerodynamic shape based on the above as shown in Fig. 24. The
“hybrid” means we use mathematical optimization with gradients produced by the
adjoint technique or by finite differences in a loop together with inverse design that
integrates the streamline curvature to produce the shape associated with the target
pressure distribution to find the shape (right). One key point is that as the iteration
proceeds, the engineer, with some insight from the direct optimization, can modify
the current target pressure to guide the process.

The target pressure distribution on the wing planform is constructed by con-
sidering the span loads, isobar patterns, etc. [121], as well as other best practice
guidelines provided by experience, see Section 3.5.1. Keeping the engineer in the
loop emphasizes wing design rather than accurate solution of a (possibly not-so-well
formulated) mathematical optimization task.
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Figure 24: The feedback design loop.

3.6.1 Transonic Airfoil Design by LINDOP – Mses
LINDOP [64, 96] is a complement to the Mses airfoil flow solver [97] which is
used for airfoil optimization. It breaks down the evolution of design into reasonably
small optimization cycles and allows the engineer to influence the design process in
each cycle. Mses estimates the flow field by solving the Euler equations coupled
to thin boundary layer equations in the boundary layer [97, 126]. The overall
equation system is solved by Newton-based methods. The optimization method
used in LINDOP is also based on Newton iteration, with gradients easily available
from the (exact) Jacobians employed in the flow solution. The Hessian matrix
necessary for Quasi-Newton optimization is approximated by the BFGS updating
scheme [111]. The designer can use the gradients to interactively try out various
objective functions I such as aerodynamic forces CL, CD, or lift-to-drag CL

CD
and

small perturbations in design parameters l, and flow parameters AoA and M with
little additional cost.

There are two types of optimization problems defined in LINDOP:

(I) Least-squares problem (inverse design): e.g., I = 1
2

�
(f(s) − fspec(s))2ds,

where f(s) is usually the pressure distribution.

(II) General optimization problem (direct design): e.g., I = CD, always with
some constraints, for example, on lift, pitching moment, wing volume or
thickness etc.

Indeed, these two problems are the most common ones among many design cases.
The former one (I) is always solved by inverse design, if specified pressure distribu-
tions (fspec(s)) is given. The latter one (II) is usually solved directly by optimiza-
tion. The designer is allowed to generate design-parameter changes in many ways
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regarding to different problem to be solved, it can be from direct keyboard inputs,
or indirect posing & solving optimization problems [96]. The hybrid approach can
be complicated but is particularly useful for complex design problems, for example,
multi-element airfoils with multi-point design [95].

Figure 25: LINDOP work flow, adapted from M. Drela [95].

Figure 25 spells out how LINDOP works. By specifying the target pressure
distribution the user can interactively work through the feedback graphics where
the flow solver and inverse solver are applied. The procedures requires substantial
user intervention. The engineer is in the loop to lead the design towards the correct
direction in every small step, however it is also very manual and tedious.

3.6.2 Wing Design Procedure
As pointed out above, wing design uses optimization tasks in a number of ways,
but is not carried out by solving a complex optimization problem by a numerical
algorithm. It is customary to group the design parameters and use each group in
turn in a coordinated iterative process.

In this work, e.g. Papers C, E, [OP2] [53] and [OP3] [54], we employed the
following strategy:

• Define the planform, for instance as given by initial aero-design software such
as RDS, ...

• Choose a symmetric airfoil thickness distribution on a planar wing at zero lift
to reduce wave drag / approach a desired target pressure distribution, taking
geometric constraints into account.

• Reduce induced drag / approach a desired pressure distribution at design CL

and constrained Cm by varying twist and camber.

59



3 Dissertation

The steps will usually be iterated, at which time the planform can be mod-
ified, and the process continued with the new planform. Fig. 26 illustrates the
decomposition (sequential design) employed in the present work.

Figure 26: Decomposition in the CEASIOM wing design procedure.

For subsonic flight, the drag-optimal spanwise aero-load profile under spanwidth
constraint is known to be elliptic. The theorem is true for lifting-line aerodynamic
modeling. But low speed induced drag prediction by lifting line theory is quite
accurate, so inverse design for elliptic span loading is sometimes useful. Note,
however, that in many cases the wing span constraint is used as a surrogate for wing
weight. That requires a structural analysis and even a structural sub-optimization.
Thus it is often replaced by a wing root bending moment constraint which requires
only aerodynamics analysis. The optimal lift distribution under these constraints
puts less load on the wing tip.
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CHAPTER 4
Results and Discussion of Selected Design

Studies

The preceding chapters have described the aircraft-design process along with the
tools that are used to carry it out. This chapter presents seven aerodynamic design
studies to demonstrate how these tools are applied to a variety of different categories
of aircraft and to show the design results that are obtained. Two studies concern
the design of conventional high-speed wings, the M6 wing a standard benchmark
for many years, and the realistic Embraer reference wing and wingtip from the
NOVEMOR Project. Another two studies are of unconventional high-speed wings,
a blended-wing-body (BWB) configuration from the MOB Project, and the joined-
wing (JW) configuration from the NOVEMOR Project. Twin-propeller general
aviation aircrafts have also been studied, where the flight is low-speed and the
design challenge is not transonic drag reduction but instead minimizing detrimental
effects of the propeller slipstream over the wing. The effect is not usually taken
into account in conceptual design because the slipstream is vortical shear flow and
not amenable to potential-flow analysis. It requires solution of the Euler equations
to represent this effect and thus a computational grid as well as a propeller model.
Lastly two studies concern the interplay between aerodynamics and flight dynamics.
The first one determines that the trim drag of the baseline T-tail configuration of
the near-sonic TCR is excessive and that it can be reduced by re-designing it to a
canard configuration, for which the aerodynamic database is computed and the re-
designed concept is verified by flight simulation. The second study illustrates how
the aerodynamics of control surfaces can be predicted so that more intelligent design
decisions can be taken concerning improved stability-and-control characteristics
of the configuration. Examples of this are given for the B-747 with its multi-
channel controls, the three-surface Piaggio Avanti and the unconventional tailless
chin-rudder-stabilized aircraft.
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4.1 ONERA M6 Wing

The ONERA M6 wing [127] is a thoroughly analyzed small aspect ratio transonic
wing, a classic CFD validation case for external flows because of its simple geometry
combined with the complexities of transonic flow (i.e., local supersonic flow, shocks
etc.). Computed and measured data have been made available for benchmarking
of CFD calculations. It has almost become a standard for CFD codes because of
its inclusion as a validation case in numerous CFD papers over the years. In the
proceedings of a single conference, the 14th AIAA CFD Conference (1999), the
ONERA M6 wing was included in 10 of the approximately 130 papers.

The M6 is also a common baseline wing for optimization studies, such as pro-
vided by the SU2 software for aerodynamics. This wing configuration is used in this
dissertation as a baseline for drag minimization. The drag should be minimized at
Mach number 0.8395 and the flow is assumed to be inviscid. The maximum thick-
ness of each section i used to define the wing should be preserved. Initial angle of
attack is 3.06◦ where CL = 0.28641.

min: CD

subject to: CL ≥ 0.2864
ti,max ≥ ti,specified

(23)

The SU2 benchmark [42] aims to minimize drag at given Mach number with
CL and thickness constraints. The optimizer changes twist by less than 1 degree,
and maximum camber by less than 1% to arrive at a point believed to be a local
optimum with a drag reduction by around 17 counts, using 176 degrees of freedom.
This indicates that the wing is hard to improve on. Still, there may be better local
optima, probably further from the baseline. Figure 27 shows the pressure coefficient
comparisons for M6 baseline and its optimized wing shape from SU2. CL is in-
creased by 4%, and the shock is reduced such that 17 drag counts benefit is obtained.

We applied the sequential design to the M6 wing by the CEASIOM Matlab
scripts to compare with the SU2 benchmark solution. First, the twist optimization
is carried out. The design parameters are twist angles at three stations along the
wing, the root twist is fixed at zero, no camber or thickness change, and inviscid
drag is minimized subject to CL > 0.2864. The drag is reduced by 7 counts from
144 counts with 3 degrees of freedom. Then the thickness optimization is applied
to the twisted wing. The drag is further reduced to 103 counts, with 28 degrees of
freedom at 4 design stations.

Figure 28 shows the upper surface Cp from the sequential design, and Fig. 29
shows geometric parameters of baseline, SU2 optimized, and CEASIOM optimized
wings. The CEASIOM optimization has changed the geometry more. With overall
washed-out pattern, the wing tip is twisted back to neutral, and it has been made
much thicker. The thickness modification, as expected, has moved the location of
maximum thickness rearward; note that the maximum thickness is bounded below.
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Figure 27: Upper surface Cp for ONERA M6 baseline and optimized, from SU2
benchmark.

Inspection of the pressure patterns and the shock footprints indicates only little
gain in wave drag from the twist, although quite aggressive. Reduction of induced
drag is harder to observe. The thickness optimization essentially eliminates the
lambda shock, and the baseline suction spike/shock at the tip is reduced. It would
seem that the combination of twist and increased thickness, although at odds with
conventional wisdom, has actually improved the tip section pressure field.

4.2 Embraer Reference Wing and Wingtip

This investigation of novel air vehicle configurations focuses on new lifting concepts
and morphing wing solutions. More details can be found in [OP2] [53] and [OP3]
[54]. This reference model was provided by Embraer in the 7th EU Project NOVE-
MOR (www.novemor.eu) to study morphing strategies for leading & trailing edge
surfaces and wingtip /-let.

The reference model RD0 is compatible with a conventional regional airplane,
such as the Airbus 320. It has a preliminarily designed wingtip device which is
about 10% of the main wing semi-span. The wing is designed for cruise at Mach
number 0.78, altitude 11 km, with CL,d = 0.47. The optimization study of the
wingtip follows the sequential approach (decomposition) using CEASIOM Matlab
scripts.

Each section profile is parameterized by the modified Class-Shape Transforma-
tion [53, 128], with 4 degrees of freedom for camber line and 4 degrees of freedom
for the airfoil thickness with fixed leading edge radius. Additionally 1 degree of
freedom for local twist is added to each section. To preserve fuel volume, the thick-
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Figure 28: Upper surface Cp for ONERA M6 baseline and optimized with sequential
design on the twist and thickness, using CEASIOM optimization Matlab
scripts.

ness distribution is preserved, only twist and camber are varied.
Two designs RD1 and RD2 are obtained:
(i) RD1 uses the 35 degrees of freedom for twist and camber at 7 stations along the
whole wing, including wing tip sections, to reduce the inviscid drag;
(ii) RD2 focuses on the problematic tip sections. Three sections from 95% semi-
span to 107% semi-span stations are modified, using 15 degrees of freedom, the
shapes for the remaining sections are extrapolated from the tip sections.

Both designs reduce drag by 10 drag counts from the initial 115 with acceptable
Cm. Figures 30 show the shapes and Cp from Euler solutions for RD1, RD2 and
the initial wing RD0 at the tip regions. RD1 resolves the flow at the tip region
better, with a more aggressive change regarding to local twist at the tip region.

For a wing with blended wing-let, six parameters were employed in addition
to the airfoil shapes, in [53], and two of them are re-produced in Fig. 31. For
manufacturing reasons, the cant angle is one of the most important parameters.
Figure 32 shows how the case # 6 eliminates the wing tip shock compared with
case #1, by changing the tip cant angle from 20◦ to 40◦, with 3 counts inviscid
drag reduction. However, CFD simulations showed that the baseline winglet has
the best drag. Note that the blended winglet always has a wide transition zone, as
shown in Fig. 31a, but the reference winglet not.

64



Contributions to Variable Fidelity MDO Framework for Collaborative and
Integrated Aircraft Design

(a) Maximum thickness distributions versus
semi-span locations

(b) Maximum thickness locations versus
semi-span locations

(c) Local twist versus semi-span locations

Figure 29: Geometric comparison for ONERA M6 baseline and the optimized wing
on the designed stations, from SU2 benchmark and CEASIOM Matlab
scripts.

4.3 Aerodynamic Design of the MOB Blended Wing-Body
Configuration

Figure 33, from a NASA website, shows the artist’s impression of a large blended
wing-body airliner. Such BWB configurations were recently studied by NASA and
its industry partners [82, 129]. Although large BWB aircraft are claimed to offer
aerodynamic performance advantages, so far no manufacturer has found it a viable
business to design and field a civil BWB in operation. Paper E is our contribution
to aerodynamic design for unconventional configurations. The baseline geometry
was obtained from P. Ciampa [130], and the shape design followed the method
outlined in Section 3.6.2 using the CEASIOM Matlab scripts, CPACS geometry
definition, sumo, and Edge Euler flow simulation. The design goal is to obtain a
lift-to-drag ratio exceeding 21 at M 0.8 with the aircraft trimmed for straight and
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(a) Section at 95% semi-span (b) Section at 105% semi-span

(c) Section at 107% semi-span (d) Local twist distribution along the wing
span, with kink section marked as red
dashed line.

Figure 30: Euler solutions and shapes for RD1, RD2 and initial wing RD0 at the
wing tip region.

level flight, with the maximum thickness of the inner sections (body part) no less
than 90% of the initial ones.

The results are re-produced and re-numbered from Paper E, see Fig. 34. The
initial wing, step 0, has too high local Mach number up to 1.9 on the upper sur-
face, and too high tip loads. Step 1 is a flattened wing with the initial thickness
distribution, and shows a maximal L/D of only 15 at M 0.65. It turns out that
the zero-lift wave drag is only a few counts. The shocks grow stronger and lift-
induced drag increases to 147 counts at design lift. The thickness optimization uses
42 degrees of freedom in the control points for Bézier curve airfoils at six stations
and reduces the wave drag, already small, by 30%, referred to as step 2. Camber
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(a) Blended wing-let transition length (b) Cant angle

Figure 31: Selected wing-let shape design parameters considered for the reference
wing, adapted from Figure 5 in [OP2] [53].

Figure 32: The Euler solutions of morphing wing-lets on the reference wing with
varying cant angles, Mach = 0.78, CL,wing ≈ 0.47.

and twist varied simultaneously keeping the optimized thickness fixed reduce the
inviscid drag to 76 counts from the 147 of the baseline wing 1, step 3. Viscous drag
is estimated from a RANS zero-lift calculation at 54 counts so the L/D at M 0.8
and CL 0.3 is 23 which exceeds the design target. However, the new shape has too
large nose-down pitching moment. This can be mitigated in flight by moving the
center of gravity by fuel re-distribution, or in design by moving the wing forward,
and a wing movement of 10% MAC to make step 4 annihilates the pitching mo-
ment. Further design improvement may be obtained by planform variation, as done

1A design procedure with the camber and twist varied sequentially gives 81 counts inviscid
drag and can be found in Paper E
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by Strüber [131] and Wakayama [82, 83]. More serious consideration of stability
and structural properties require accurate data on weight and CG location and a
coupled structures - aerodynamic design optimization which is out of scope for the
present work.

Figure 33: NASA Blended Wing Body airliner.

(a) CD versus design step (b) Cm versus design step (c) CL versus design step

Figure 34: Sequential re-design of the blended wing body BWB, computed by Edge
Euler on a mesh with 3.5 million nodes.

Figure 35 shows the solutions for the final optimized wing (4th step) compared
with the initial wing, including the Mach contour plot, and geometric comparisons
of thickness distributions and twists. The initial wing has a “washed-in” tip, while
the optimized wing is twisted down. The overall thickness has been reduced which
reduces the shocks. Note that the maximum thickness locations are moved further
down-stream, especially at the sections around the kink. This would delay the
appearance of the shock, and together with reduced thickness weakens the shock
waves. More solutions and discussion as well as the details of the sequential design
process can be found in Paper E.

68



Contributions to Variable Fidelity MDO Framework for Collaborative and
Integrated Aircraft Design

(a) Mach contours (b) Local twist versus semi-span locations

(c) Maximum thickness distributions versus
semi-span locations

(d) Maximum thickness locations versus
semi-span locations

Figure 35: Solutions for optimized BWB wing compared with the initial wing, with
inner body part and the (original) kink marked by the vertical dot-
dashed and dashed lines respectively.

4.4 Twin-Prop Planes

Studies of propeller planes need prediction of the effects of the propeller wash.
This is hard to do with panel or vortex lattice methods since the momentum source
distributed over the propeller disc must be modeled. The propeller is modeled
by smearing out the moving blades into a thin steady disk with area A that has
approximately the same effect on the flow as the moving blades. Euler models of
widely differing fidelity are available, such as Lötstedt’s work [132] which makes
use of details of propeller shape. The classical actuator disk model, described in
McCormick [133], Fig. 36, is simpler and was chosen for the studies below.
(1) the propeller axis is parallel to x-axis, so that the continuity equations and
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momentum equations are purely one-dimensional;
(2) the flow outside the propeller stream-tube has constant stagnation pressure. No
work is done on it;
(3) the flow is steady, incompressible and inviscid.

The rotation imparted to the flow is not modeled, there is no swirl in the flow.
The inlet and outlet mass flow ṁ through the disk is given as boundary conditions
to the CFD solver.

Figure 36: Control volume for analysis of a propeller, adapted from McCormick
[133].

Application of steady one-dimensional Euler equations to the stream tube pro-
duces the relation:

ṁ = Aq

Ux,∞

�
1 +

�
1 + T

Aq

�
(24)

where q is the dynamic pressure, T thrust, A disk area, and Ux,∞ airspeed. The
thrust is chosen to balance the drag in straight and level flight. This in turn does
depend somewhat on ṁ even for induced drag which is all the inviscid subsonic
flow can model.

4.4.1 Asymmetric Unconventional Configuration
The asymmetric propeller airplane concept was developed by Dr. Raymer [11], with
a central tractor, a pusher propeller nacelle on the starboard wing, and an offset
fuselage. This design is a suitable stress test for the conceptual design process
from the geometry repair, rapid meshing to stability and control analysis. The
baseline is defined in RDS as a wire-frame geometry. A valid mesh is obtained
after import and conversion by the RDS – CEASIOM translator routine. The
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grids for the Euler solver are generated by Sumo – TetGen, and Euler analyses
are made by Edge. For the design it is very important to ensure the rudder
authority for a front engine-out emergency. The Euler analyses show that with the
central propeller inoperative, the rudder needs to deflect 8 degrees to trim in yaw
with a 3-degree side-slip angle. To improve its authority, the rudder is re-designed
with larger 41.5% chord than the initial 27.5%.

4.4.2 Twin-Prop 16 Seater
A symmetric twin-propeller airplane with 16 seats is also studied, with the concep-
tual design stage done in ADAS [46] (Aircraft Design and Analysis Software), and
the higher-fidelity Euler analysis done in CEASIOM. The ADAS 3-view draw-
ing of the final conceptual design is translated from its inherent .def format to a
watertight Sumo aircraft geometry file. Euler simulations for 16 flight conditions
were carried out with the propeller model described above to judge the effect of
the propeller wash over the main wing and horizontal tail. The CEASIOM results
for stability & control characteristics were compared with ADAS predictions. In
general there is a reasonable agreement between the two sets, considering that the
empiricism in ADAS account for viscous effects whereas CEASIOM data is purely
non-linear inviscid. The largest discrepancy appears in the pitching moment contri-
bution from the horizontal tail. The pitching moment coefficient elevator derivative
is Cmδe

= −0.042 predicted by CEASIOM with propeller OFF and Cmδe
= −0.065

with propeller ON, compared with Cmδe
= −0.035 from ADAS. Various explana-

tions for this are suggested, including effects of the main wing down-wash and wake
on the tail. The results are not conclusive, yet give strong indication that propeller
wash contributes significantly to Cmδe

which motivates a closer look into propeller
influences. Figure 37 shows streamlines and pressure coefficient on the surface with
front engine inoperative, and a zoomed-in view of the nacelle and two-sided disk
model on the for 16 seater. The details can be found in Papers F, G and J.

4.5 The Transonic Trans-CRuiser

The Transonic Cruiser (TCR) is a concept aircraft designed and analyzed by CEA-
SIOM before the real wind tunnel model was built. It was proposed by SAAB as
a transonic civil airliner with a design cruise speed of Mach 0.97. The initial base-
line configuration was a T-tail design which was analyzed by the CEASIOM tools
for aerodynamics, mass properties, flight stability and aero-elastics. The analysis
indicated a number of issues: the stability margin was too large, too large control
deflections were required to trim the aircraft, and the T-tail was prone to flutter
even in low speed. A re-design exercise was subsequently carried out by the CEA-
SIOM tools. Finally, a canard configuration, dubbed the TCR-C15, was found to
be better than the T-tail configuration both in trim characteristics and aero-elastics
[36, 40, 134]. The flying qualities of the TCR-C15 configuration were predicted by
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(a) Pressure and stream line visualization,
front-engine-inoperative mode, M =
0.282, α = 0◦, β = 3◦

(b) Zoom of propeller disc and nacelle for
the twin-prop 16-seater

Figure 37: Euler solutions on the asymmetrical twin-prop airplane and finite-
thickness propeller model on the symmetric twin-prop 16-seater.

the flight quality assessment module SDSA, including verification of the low speed
trim with wind tunnel data, transonic flight, stick-fixed flight simulation and flight
control with stability augmentation.

A complete aerodynamic database is required for the whole flight envelope,
not only the cruise point, to analyze the stability and control characteristics of
an aircraft. The CEASIOM tools for building such a database are described in
Chapter 2. The data can come from CFD tools, wind tunnel measurements, or free
flight. The twofold aim for generating the database for the whole flight envelope
was to validate CFD data and to predict flying qualities. The TCR aerodynamic
database was made by multi-fidelity CFD sampling with entries computed by VLM
and Euler tools from CEASIOM and several in-house RANS methods available to
the SimSAC project partners. 67 Euler and 187 RANS calculations, as well as VLM
analyses in a dense grid at low speed with small angles of attack, were carried out
to cover the flight envelope from Mach number 0.12 up to 0.97, angle of attack from
-4 degrees up to 34 degrees, and a number of side-slip angles, and control surface
deflections.

The complete database is built by surrogate modeling using the Kriging/co-
Kriging approximation method of the aerodynamic data, as discussed in Section
2.3.6. The low-speed design is verified first with the wind tunnel measurements,
then the high-speed database is used to predict the flying qualities, linear and non-
linear stabilities. “Transonic dips” of the trim angles appear between 270 m/s and
280 m/s in the transonic speed range Mach 0.85 to Mach 0.92. They are due to
the aft movement of pressure distribution in the corresponding speeds as verified
and explained by RANS simulations.

The stick fixed flight simulation is done in SDSA flight simulator. Trimmed
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cruise is subjected to a wind gust modeled by a sudden change of angle of attack
by 0.3◦. The TCR responds by pitching up, and returning slowly to its trimmed
state again, thus confirming the stability predicted by linearized eigen-analysis.
Ten times larger disturbance, 3◦ change in angle of attack, is enough to exceed the
region of linear stability creating un-damped longitudinal oscillations. A stability
augmentation system implemented by a PI-controller in the pitch channel only
was designed by manual tuning of the gain. It provides artificial damping without
interfering with the pilot’s control input and cured the non-linear stability problem:
the oscillations in attitude are now damped, see Fig. 38. More details can be found

(a) Divergent stick-fixed flight (b) Stable with augmented stability in pitch
channel

Figure 38: TCR-C15 flight simulation in SDSA: time histories of attitude angle θ
and angle of attack α after a wind gust disturbance altering trim α by
3◦, at altitude 10km with the true airspeed 278 m/s.

in Papers D, I and [OP6] [134].

4.6 Joined Wing Configuration

A joined-wing aircraft (JWA), also known as a diamond-ring-wing aircraft, can
be defined as an airplane configuration incorporation two dual wings arranged to
form diamond shapes in both planform and front view. The concept was initially
conceived by Wolkovitch [135] in the 1980s, and after that a number of interesting
research efforts have been carried out [136–139]. With almost unchanged wing total
wetted area, the increased span and smaller chord may give lower induced drag and
smaller local Reynolds number which improves the chance of natural laminar flow.
But the maximum lift can be reduced due to the low chord Reynolds number, and
overall it is a complex geometry, both aerodynamically and structurally. Still, the
joined-wing offers inherent advantages over conventional configurations making it
a serious candidate for designing airliners of widely different capacities. This work
optimizes for aerodynamics the wing shape of a joined-wing civil transport for cruise
in transonic speed.

The initial configuration JW-32 evolved from Dr. Nangia’s design [136], which
was an upgrade of the NASA JWA configuration. Its competitor is Airbus 321-
100, with the same passenger accommodation capacities (∼220 PAX) and mission
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profiles. Jenkinson et al. [140] suggested a twin-aisle cabin instead of single-aisle
to give a shorter, stubbier fuselage than the A321. Nangia [136] summarizes the
main features and designed the JWA wing layout with respect to a number of
considerations. Our specific goal here is to start from the JW-32 layout, optimize
it by exploring the conceptual design space to obtain aerodynamic performance
superior to that of the conventional A321-100. The aspect ratio of JW-32 is higher
(≈14) than the 10 of the A321-100. Both of them cruise around Mach 0.8. The
advantage of a JWA is the promise of lower induced drag, and the challenge, as well
as the opportunity, occurs at the transonic cruise condition, say around Mcr ≈ 0.8.
The mutual interference produces high LE suction at the rear forward-swept wing
center-section. Lift-to-drag ratio for conventional aircraft in transonic speed is
about L/D = 18 for a CL ≈ 0.6. The challenge for the JW-32 re-design, as we see
it, is to reach L/D ≥ 22 in transonic cruise at CL ≈ 0.6, or thus about 273 drag
counts, CD ≈ 0.0273.

The forward wing, the rear wing, and joined parts and the whole aircraft are
designed sequentially. Our work addresses the forward wing of the JWA. As dis-
cussed above, the design point for the forward wing is CL ≥ 0.46 at Mcr ≈ 0.8.
We applied inverse design by SCID as a test case for a swept wing as shown in
Paper A. The target pressure distribution was obtained from an Euler simulation
of the well-studied and well-optimized Common Research Model (CRM) [141] at
the desired flight condition. The inviscid drag is reduced by more than 50% from
170 counts to 80 counts with the lift coefficient maintained at CL ≈ 0.46. However,
the drag benefit is obtained partially by thinning. The maximum t/c of the initial
wing is 13.8%, and the maximum t/c of the SCID wing is only 58% of the initial
wing. After Paper A was presented, new features of SCID were developed,

• to allow geometric constraints on wing section shape;

• choice of local AoA by averaged local twist changes between upper and lower
surfaces;

• lofting of twist from sections to wing by least squares low degree polynomials;

• the interactive Target Pressure Editor [142].

which we shall refer to as SCIDv2. The design carried out by SCID in Paper A is
compared with the results obtained from SCIDv2 in Table 2 and Fig. 39. Note that
they use the same wing configuration but different starting pressure distributions.
SCIDv2 starts from a Cp distribution which gives a much less CL than the target,
and converges in 30 cycles to the target Cp at the same accuracy as SCID, which
starts from a Cp with the same CL as the target. Figure 39 shows the SCID and
SCIDv2 results at wing station 66.7% semi-span 2y/b. The CRM target Cp is
distributed more evenly with a high loading at the tip, where the highly cambered
aft section generates most of the lift required. The CRM section profiles have small
trailing edge angles which will add manufacturing difficulties. Also the aft-loaded
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wing shifts the center of lift back with large nose down pitch moments generated,
which will need larger and heavier control surfaces, and stronger and heavier wing
structure. Moreover, the thin trailing edge may develop self-intersecting profiles by
SCID. In SCIDv2 the target Cp is modified to avoid the above issues, as we can
see in Fig. 39a. SCIDv2 reduces the leading edge pressure peak and approximates
the target Cp better, with the maximum t/c maintained to be at least 85% of the
original shape. For the section shown in Fig. 39d, SCIDv2 gives a final design with
the maximum t/c 11.8%, which is 85.5% of the initial wing.

Table 2: Design of forward JWA wing by SCID and SCIDv2 , Euler solutions at
Mach 0.78

Design CL CD [count] tmax,i/c %
Initial - SCID 0.4637 170 100%
Final - SCID 0.4607 80 ≈ 60%
Initial - SCIDv2 0.32621 104 100%
Final - SCIDv2 0.48811 102 ≥85%

4.7 Control Surfaces Modeling in CEASIOM

The control surfaces are movable surfaces on the wings to allow a pilot to adjust
and control the aircraft’s flight performance. In CEASIOM a control surface is
modeled most simply as a sub-surface of the planform surface which rotates an
angle around a hinge line located at the junction of the control surface and wing
surface. Plain flaps and slats are modeled in the same way. The user can define the
control surface(s) parameters such as type, hinge line position, chord length, and
span positions, etc., consistent with the definition of control systems in CPACS
and Sumo which makes the surface grids for Edge. It is possible to model flap
systems in more detail as multiple wings, suitable for e.g. RANS simulations of
high lift systems, but that requires much more work.

Control Surfaces in TORNADO The simple control surface model was imple-
mented in TORNADO taking its input directly from the CEASIOM XML input
file. It provides an arbitrary set of user-defined/named control surfaces in addition
to the standard flaps, slats, elevators, ailerons, and rudders. Users can define any
type of control surfaces, including all-moving wings, with accurate hinge line, area,
and deflection in an easily-managed way. The paneling is under user control and
adapted to the control surfaces to deal with controls both on leading and trailing
edges. The panels on the control surfaces are physically deflected according to the
deflection angles.
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(a) Modified target Cp and the old target Cp,
with local lift preserved.

(b) Different initial Cp to start the inverse de-
sign.

(c) The final iteration (30 design cycles) Cp

comparison.
(d) The airfoil shape comparison from the fi-

nal iterations.

Figure 39: Design results for J-W forward wing at wing station 66.7% of 2y/b,
SCID [51] and SCIDv2. The critical Cp is plotted in each Cp plot.

Deflection by Transpiration Boundary Conditions in Edge A transpira-
tion condition prescribes the flow direction through a slip surface by deflection of
the normal vectors without modification to the geometry or mesh. Sumo assigns
markers to the surface mesh cells inside the projections of the control surface de-
fined on the planform and this information is passed on to Edge. The transpiration
boundary conditions are implemented in Edge for inviscid flow by prescribing a
non-zero wall normal velocity component. The deflection angle is limited to at most
5 degrees. Most transonic control surface studies, such as the Piaggio Avanti below,
are done by transpiration conditions.

Mesh Deflection in Sumo CPACS supports extension by parameters which
are “understood” only by some particular computational modules. This was ex-
ploited in the study of morphing leading and trailing edges and winglets in the
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NOVEMOR 7th EU Framework Project. Modification of leading and trailing por-
tions was done by the morphing technique discussed in Section 3.3.2. Matlab scripts
with the CPACS file as input understand these parameters and produce the correct
input to Sumo.

Also a rigid control surface rotating around its edge can be approximated in this
way. Figure 41 is an example of automatic generation of surface grids with deflected
control surface(s) in Sumo by use of Matlab scripts. The surfaces are deflected by
morphing the surfaces and no gaps are modeled. A similar manual “mesh repair”
can be done in general purpose mesh generators such as ANSYS Icem-cfd. First
the surface is rotated around a hinge line, then the unattached edges and nodes are
connected using mesh repair functions (merging nodes, edge stitches, etc.). Then
with TetGen and/or Pentagrow the Euler and RANS grids can be generated.
The Matlab scripts create new sections - as required - at control surface edges and
the transition sections to the undeflected wing, modify the mean camber curves
of the newly added control surface sections according to the deflection angle, to
which the thickness is added. Issues relating to crossing of camber curve normals
at control surface edges must be addressed. The Piaggio Avanti elevator authority
was computed by both transpiration and mesh deflection, see Section 4.7.2.

The chin-rudder concept, Section 4.7.3 has, in effect, an all-moving vertical wing
as yaw control and it was modeled by standard wing position parameters in CPACS
and Sumo.

4.7.1 B747: Multi-Channel Controls Using VLM
The Boeing 747 is a very large four-engine turbofan transport aircraft designed
to ferry more than 350 passengers on medium to long haul flights, which includes
transatlantic operations. It first flew commercially in 1970, and is still in service
today. The Boeing 747 employs a large number of individual control surfaces, be-
yond the conventional three: elevator, aileron, and rudder. Four elevator segments
provide longitudinal control for the aircraft. The lateral control is obtained with
five spoiler panels, an inboard high-speed aileron and an outboard low-speed aileron
which only operates when the flaps are down. The five spoiler panels on each wing
for lateral control also operate symmetrically as speed-brakes in conjunction with
the sixth spoiler panel. Directional control is obtained with a two-segment rudder.

In the low speed regime, TORNADO provides good estimations for control sur-
face forces. A more detailed analysis is found in Paper [OP10] [143].

4.7.2 Piaggio Avanti: Transpiration and Mesh Deflection
Piaggio Avanti is a three-lifting-surface twin-engine turboprop aircraft claimed to
be superior to its competitors due to the non-traditional configuration. The main
wing is designed to have laminar flow over a very high percentage of the wing chord,
and the fixed canard is designed to stall before the main wing, with a nose-down
effect improving the airplane performance at high angles of attack. It uses the stan-
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(a) Tornado geometry with user-defined
multi-channel control surfaces. The
aerodynamics of the fuselage is not mod-
eled.

(b) The vortex lattice panels on the lifting
surfaces including control surfaces, with
collocation points marked.

Figure 40: TORNADO B-747 modeling the multi-channel control surfaces.

dard three-channel control. The canard is a fixed lifting surface, and the elevators
on the horizontal tail control the pitch. The Piaggio Avanti geometry is imported
from the conceptual design tool AAA to CEASIOM via CPACS in order to carry
out higher-fidelity analysis including Stability and Control. Euler simulations for
full and canard-off configurations at steady and level flight conditions were com-
puted, to validate the three-lifting-surface configuration aerodynamic advantages.
The Euler simulations of longitudinal trimmed conditions show that the full config-
uration has small elevator deflections creating little drag. The elevator deflection
per g for the canard configuration is much smaller than without a canard, when
the aircraft is under a 3g steady pull-up maneuver. More details are given in [OP1]
[37] where elevator deflection is modeled with transpiration boundary conditions
in Edge. Mesh deflection and transpiration are compared in Table 3 which shows
the contribution from the horizontal tail to the overall lift, drag, and moment co-
efficients. CFD computations are carried out for transpiration boundary condition
and with elevators deflected 4.25 degrees up. Note that the contributions to CL

and CD are negative because of the downforce on the tail.
Figure 41 shows the deformed surface grids using the mesh deflection technique.

4.7.3 Chin-Rudder Aircraft: Deformed Mesh
The chin-rudder configuration is a tailless aircraft which uses an all-moving rudder
under the nose for yaw control instead of a conventional rudder on a vertical tail.
The study was funded by NASA future airliners “N+3” project. The Euler solutions
were carried out by actually deflecting the chin-rudder relative to the free stream,
showing that in order to balance a 3◦ nose left sideslip, the chin-rudder needs to be
deflected 6◦ to the left w.r.t. the free-stream. Figure 42 shows the surface pressure
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Table 3: Contributions to forces and moment from the horizontal tail of Piaggio
Avanti, two different elevator deflection models, elevator deflection δe =
4.25◦ up, α = 0.675◦, Mach 0.62

Model CL CD [count] Cm

Transp. b.c. -0.0799 -32 0.40815
Morphing -0.0958 -21 0.49726

Figure 41: Surface mesh for Piaggio Avanti from Sumo with elevators deflected 4.25
degrees up using Sumo mesh deflection.

computed by Euler for rudder deflected 9◦ to the left while the sideslip angle is 3◦.
More details are given in Papers G and [OP4] [144].

Figure 42: Euler computed surface pressure of the tailless chin-rudder aircraft, at
Mach 0.8, α = 0◦, β = 3◦, and rudder deflection δr = 9◦.

79



CHAPTER 5
Conclusions

The Overview and Summary to the dissertation surveys the work carried out for
the thesis in three broad categories, namely, (1) the progress achieved; (2) the
lessons learned while making these advancements; and lastly (3) suggestions for
future work.

5.1 Progress Achieved

The Overview and Summary describes the contributions to the CEASIOM variable
fidelity MDO framework for collaborative and integrated aircraft design environ-
ment. The following, among others, are worthwhile to highlight.

5.1.1 Wing Design Toolboxes
Regarding to the wing design, several packages/toolboxes have been added into
CEASIOM, and doing so is not unusual.

Van der Velden [145] studied three groups of optimization methods and deemed
it unwise to select any one of the methods as the “optimum optimizer” even though
the kick-Simplex demonstrated reliability for so-called “rough” objective function
topographies. In the end, only the evolution and the kick-Simplex methods proved
for him to be reliable enough for application to MDO conceptual aircraft design
problems. Van der Velden then proceeded to recommend the notion that “cock-
tails”, i.e. combinations of optimizers, would be the most robust means to tackle
the MDO problem. We follow this line of reasoning and establish several useful
tools that the engineer, in her wisdom, can then set up in a cocktail mix to attack
the problem at hand. The tools available for the mix are:

SCID Inverse Design Toolbox The inverse design toolbox SCID in its most
recent version SCIDv2 is implemented including a loosely coupled higher-fidelity
solver Edge and the auto-mesher sumo. It provides an interactive Target Pressure
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Editor to set-up target pressure distributions, allowing the engineer in the loop
to pause the process, make decisions, etc. The cases shown in Papers A and B
illustrate the functionality. The new version SCIDv2 shows further improvements
of the design for the joined-wing aircraft case.

Shape Optimization Two tools for shape optimization have been implemented
in CEASIOM,

(1) Matlab scripts for moderate numbers of parameters, say O(10);
(2) SU2 used as a package deal when the dimension of the design space is large,
say O(100) or more.

They have different features for wing design. The SU2 optimization package is
simple to use by just typing one command line, provided that the cost function,
constraints, the control points of the FFD Bézier box for wing parametrization and
other numerical parameters are all correctly set up in the configuration file.

The CEASIOM optimization Matlab-scripts is designed for the engineer to
guide the process in more details. Usually one breaks the optimization problem into
several smaller subproblems including thickness distribution optimization, twist
optimization, etc. In each subproblem the engineer has freedom to lead the design
direction. The fewer design variables make the optimization algorithm more robust
and tends to give more aggressive changes of the wing shape. Design examples
can be found for optimizing airfoils in Papers A and B, re-designing the blended
wing-body in Paper E, and re-designing the Embraer baseline wing and winglet in
[OP2] [53] and [OP3] [54].

5.1.2 The New CEASIOM
The new CEASIOM is enhanced by a number of features that advances and gen-
eralizes its functionality and increases its means for collaboration.

CPACS Data Centric Architecture Linked to CEASIOM First, the data
centric architecture CPACS broadens the scope of CEASIOM as a collaborative
design environment.
To support CPACS geometry better, CPACScreator was written in Matlab, as a
reader and renderer/editor for CPACS XML file that exports the desired formats
to different modules in CEASIOM. It allows complicated geometry as CPACS has
rich hierarchical geometry definitions. Its old counterpart the ACBuilder [146], was
designed for definition of a rather simple aircraft geometry with limited number of
wings, maximum two kinks on the main wing, and only standard three-channel con-
trol surfaces. ACBuilder is Java based which is beneficial for a faster and smoother
graphical interface, but more problematic to integrate into CEASIOM whose mod-
ules are all written in Matlab. The single-language implementation is beneficial for
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stability, and easier to maintain and develop by aerospace engineers, so we decided
to trade-off visualization speed.

Second, a number of popular conceptual design tools for the purpose of defining
the baseline, preliminary sizing, etc., were linked to CEASIOM via CPACS: The
RDS, VSP, ADAS, etc., geometries are non-meshable models, some of them are
just 3-view drawings. The link to CEASIOM enables meshable models to be built,
so that higher fidelity analyses including the Stability and Control characteristics
can be carried out. Examples can be found below:
(1) VSP - CEASIOM interface used for the B-777 in Paper C;
(2) RDS - CEASIOM interface used for the A321-look-alike, the asymmetric twin-
prop, the chin-rudder aircrafts, and the blended wing body in Papers F, G, H;
(3) ADAS - CEASIOM interface used for the symmetric 16-seat twin-prop aircraft
in Paper J.

Data Fusion Toolbox: Co-Kriging Surrogate Modeling The aero database
construction for S & C analysis by multi-fidelity CFD is carried out by the Data
Fusion Toolbox in CEASIOM using co-Kriging combined with POD for data base
reduction. Procedures for co-Kriging surrogate modeling from multi-fidelity de-
sign data via the Matlab DACE toolbox are developed and validated in Paper D.
Co-Kriging is efficient for approximating the aerodynamic forces including flight
conditions which require expensive CFD. Significant improvements can be made
with manual refinement of the design space by filling-in more high-fidelity points.
The flying qualities and flight simulations of TCR are carried out based on the
“fused” aero dataset approximated by co-Kriging, in Paper I.

Proper Orthogonal Decomposition (POD) data reconstruction can reduce the
data-base significantly. As an example, surrogate modeling of critical loads on the
X-31 aircraft using co-Kriging and POD can be found in Paper D. It shows POD
data reduction for the span loads at different Mach numbers and angles of attack,
with small loss of accuracy.

5.2 Lessons Learned

While accomplishing the advancements to CEASIOM a number of lessons were
learned along the way, for example what worked well and what worked less well.
Several are mentioned below.

5.2.1 CEASIOM Applied to the Various Design Loops
Chapter 1 described the aircraft design process. At the aircraft level in the concep-
tual design stage there are at least two loops, the first that determined the initial
layout of the concept, followed by the second one that then revised this layout.
CEASIOM is not applicable in the initial-layout loop - this determines the base-
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line configuration which is a necessary input for CEASIOM. With such a baseline
in hand, then CEASIOM becomes a powerful tool in the revised-layout loop to
more deeply analyze the concept and further refine it.

When the iterations on the layout revisions on the aircraft level converges, then
component design begins in the preliminary design stage. Here further design loops
begin, at level 2, major components, for example further specification of the wing
shape, leading then to level 3, control surfaces on the wing, etc. CEASIOM plays
a major role in all these preliminary-design loops which evolve naturally from the
hierarchical decomposition of how an aircraft is built on its components. This is
the way aerospace engineers build an aircraft and CEASIOM fits in well with their
way of working.

5.2.2 Wing Design is a Procedure
The wing design is a procedure even when reduced to aerodynamic shape opti-
mization. It is non-trivial to set up an optimization problem to get a satisfactory
solution. The SU2 optimization package is state-of-the-art, yet puts demands on
the user. First, the user must make sure that the calculation for each step is correct
and well converged, lest the process details: the user must check the convergence
of flow and adjoint solutions. Second, the FFD Bézier box is not completely robust
in the mesh deformation. Also, if high degree Bézier polynomials are used, con-
trol points must make large excursions to move the surface; this may make choice
of scaling of objective function and constraints challenging. Finally, it shares the
property with all non-linear optimization algorithms of - at best - finding a local
optimum, depending on different starting points. Palacios in [112] showed an ex-
ample of redesigning the NASA CRM wing using SU2. There are some significant
difficulties. First, the constraints were introduced “in a sequential way” rather
than all at once. Second, mesh deformation may produce grids with high aspect
ratio cells, negative volume, etc., which are invalid for CFD computations. Pala-
cios et al. used a number of mitigating procedures, and the best design is still a
minute improvement of only 7 drag counts reduction [112]. This may of course
be the best obtainable, but there is no guarantee. Thus, we found it appropriate
to think of shape optimization as a procedure that allows various combinations or
choices of parameter settings as well as tools themselves which then give different
results depending on a number of parameters (such as initial guess) which controls
the working, and which benefits substantially from engineer-in-the-loop activities.
The sense of procedure applies also to Van der Velden’s notion of “cocktails” or
combinations of optimizers [145] under the control of the engineer-in-the-loop.

5.2.3 Limitations of Data Fusion Toolbox
Automatic “optimal” refinement of the data set by choice of new in-fill data points
is still a challenge; experiments with tolerance-driven procedures were less than
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encouraging; they invariably suggested much finer grids than would be computa-
tionally feasible. Again the engineer in the loop comes to the rescue.

The automatic search for optimal correlation function parameters, which affect
the surrogate model in a nontrivial sense, was not robust, so we resorted to manual
choice by experience-guided trial-and-error.

Co-Kriging with POD was not implemented for four or higher dimensional
datasets, for example, estimations of the span loads, and the surface pressure dis-
tributions as functions of four or more flight state variables.

5.3 Future Work

CEASIOM will be made more efficient as a MDO design environment tool-chain
by stronger integrations with higher fidelity structures, within the planned EU
Project AGILE (Aircraft 3rd Generation MOD for Innovative collaboration of Het-
erogeneous Teams of Experts). One project is to use the CPACS data file which
accommodates the structural information from models generated by ELWIS (Finite
Element Wing Structure) multi model generator [147]. ELWIS is based on CPACS
definition, uses knowledge patterns to make a complete set of structural elements
and outputs to ANSYS finite element data format.

A 3D version of LINDOP can be developed by a combination of inverse design
by SCID and the direct design by CEASIOM Matlab optimization scripts as a
compromise between design freedom and user convenience. The idea is the follow-
ing:
(1) Keep in mind that the engineer should drive the design process, to help decom-
pose the overall task into manageable subproblems, etc.
(2) The 3D LINDOP should be less tedious than the original one, with a bet-
ter user interface and engineering recommendation settings. For example, current
SCID, recommends default under-relaxation parameters found by experience on
many cases, which allow a better convergence even if the starting pressure distribu-
tions are not close to the target pressure; the existing smoothing technique avoids
self-interacting profiles, which require a re-calculation from re-modified target pres-
sure.
(3) The Pentagrow boundary layer mesher in Sumo should be further developed to
support RANS modeling.

84



CHAPTER 6
Annexes

List of Figures

1 Aircraft design process from conceptual design to manufacturing and
testing. The thesis focuses on the Conceptual-to-Project phases in
the circle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 Sketch of the essential steps in aircraft conceptual design. . . . . . 6
3 The design dilemma - costs are committed early when the knowledge

on which decisions are based is scanty. . . . . . . . . . . . . . . . . 8
4 The two design loops in the conceptual design phase process and the

down-select to project study in preliminary design. . . . . . . . . . 9
5 Information gaps between conceptual (= overall aircraft) design and

preliminary (= component) design. . . . . . . . . . . . . . . . . . . 12
6 Conceptual Design and Optimization Process. . . . . . . . . . . . . 13
7 Optimization by decomposition [20]. . . . . . . . . . . . . . . . . . 17

8 Operational requirements for an MDO framework. . . . . . . . . . 21
9 CEASIOM software timeline. . . . . . . . . . . . . . . . . . . . . . 23
10 Core modules: Airframe CAD, Aero CFD, Aero Elastics and Stability &

Control in the CEASIOM software. . . . . . . . . . . . . . . . . . 24
11 Velocity vector V∞, attitude angle θ, angle of attack α, Lift and Drag

forces. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

85



6 Chapter

12 From CAD lofting to computational grids via the rapid meshing tool
Sumo. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

13 Wing design process. . . . . . . . . . . . . . . . . . . . . . . . . . . 37
14 Wing design practice evolution. . . . . . . . . . . . . . . . . . . . . 39
15 Airfoil stacks to loft a wing. . . . . . . . . . . . . . . . . . . . . . . 42
16 SCID Bézier approximation to RAE2822 airfoil. . . . . . . . . . . . 42
17 The geometric parameters describing the morphing airfoil for opti-

mization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
18 The i, j surface mesh point moved by δXΓ(i, j). . . . . . . . . . . . 44
19 Surface mesh points moved by a Hick-Henne bump[108]. . . . . . . 45
20 The Hicks-Henne bump functions, t = 4, with N = 10, xk are equally-

distributed over [0.5/N, 1 − 0.5/N ]. . . . . . . . . . . . . . . . . . . 45
21 NACA-0012 deformed by a 5×2 FFD Bézier box. . . . . . . . . . . 46
22 Global and surface coordinates of wing shape. . . . . . . . . . . . . 53
23 δCp/δcn for Van de Vooren airfoil. . . . . . . . . . . . . . . . . . . 55
24 The feedback design loop. . . . . . . . . . . . . . . . . . . . . . . . 58
25 LINDOP work flow, adapted from M. Drela [95]. . . . . . . . . . . 59
26 Decomposition in the CEASIOM wing design procedure. . . . . . 60

27 Upper surface Cp for ONERA M6 baseline and optimized, from SU2
benchmark. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

28 Upper surface Cp for ONERA M6 baseline and optimized with se-
quential design on the twist and thickness, using CEASIOM opti-
mization Matlab scripts. . . . . . . . . . . . . . . . . . . . . . . . . 64

29 Geometric comparison for ONERA M6 baseline and the optimized
wing on the designed stations, from SU2 benchmark and CEASIOM
Matlab scripts. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

30 Euler solutions and shapes for RD1, RD2 and initial wing RD0 at the
wing tip region. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

31 Selected wing-let shape design parameters considered for the reference
wing, adapted from Figure 5 in [OP2] [53]. . . . . . . . . . . . . . 67

32 The Euler solutions of morphing wing-lets on the reference wing with
varying cant angles, Mach = 0.78, CL,wing ≈ 0.47. . . . . . . . . . 67

33 NASA Blended Wing Body airliner. . . . . . . . . . . . . . . . . . 68
34 Sequential re-design of the blended wing body BWB, computed by

Edge Euler on a mesh with 3.5 million nodes. . . . . . . . . . . . 68
35 Solutions for optimized BWB wing compared with the initial wing,

with inner body part and the (original) kink marked by the vertical
dot-dashed and dashed lines respectively. . . . . . . . . . . . . . . 69

36 Control volume for analysis of a propeller, adapted from McCormick
[133]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

37 Euler solutions on the asymmetrical twin-prop airplane and finite-
thickness propeller model on the symmetric twin-prop 16-seater. . 72

86



38 TCR-C15 flight simulation in SDSA: time histories of attitude angle
θ and angle of attack α after a wind gust disturbance altering trim α
by 3◦, at altitude 10km with the true airspeed 278 m/s. . . . . . . 73

39 Design results for J-W forward wing at wing station 66.7% of 2y/b,
SCID [51] and SCIDv2. The critical Cp is plotted in each Cp plot. 76

40 TORNADO B-747 modeling the multi-channel control surfaces. . . 78
41 Surface mesh for Piaggio Avanti from Sumo with elevators deflected

4.25 degrees up using Sumo mesh deflection. . . . . . . . . . . . . 79
42 Euler computed surface pressure of the tailless chin-rudder aircraft,

at Mach 0.8, α = 0◦, β = 3◦, and rudder deflection δr = 9◦. . . . . 79

List of Tables

1 Format of tables in SDSA . . . . . . . . . . . . . . . . . . . . . . . 29

2 Design of forward JWA wing by SCID and SCIDv2 , Euler solutions
at Mach 0.78 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3 Contributions to forces and moment from the horizontal tail of Piag-
gio Avanti, two different elevator deflection models, elevator deflection
δe = 4.25◦ up, α = 0.675◦, Mach 0.62 . . . . . . . . . . . . . . . . . 79

87



Bibliography

[1] D. L. Grose. Re-Engineering the Aircraft Design Process. AIAA 1994–4323,
1994.

[2] Hirschel E. H. Towards the Virtual Product in Aircraft Design?, chapter Fluid
Dynamics and Aeronautics New Challenges, pages 543–464. Barcelona, Spain,
2003.

[3] P. K. Lawrence and D. L. Braddon, editors. Strategic Issues in European
Aerospace. Ashgate, Aldershot, January 1999.

[4] E. M. Murman, M. Walton, and E. Rebentisch. Challenges in the Better,
Faster and Cheaper Era of Aeronautical Design, Engineering and Manufac-
turing. The Aeronautical Journal, 481(9), 2000.

[5] P. Raj. Aircraft Design in the 21st Century: Implications for Design Methods.
AIAA 98–2895, 1998.

[6] The SimSAC Project homepage. SimSAC. http://simsacdesign.org/, July
2009.

[7] A. Rizzi and et al. CEASIOM Validation and Its Use in Design - Status
of SimSAC Project. In SAAB Flygteknikseminarium, Kolmården, November
2008.

[8] E. H. Baalbergen, J. Kos, and W. F. Lammen. Collaborative Multi-Partner
Modelling & Simulation Processes to Improve Aeronautical Product Design.
In 4th CEAS Air & Space Conference, Linköping, Sweden, September 2013.

[9] P. Coleman and O. Tabaste. The Behavioural Digital Aircraft Vision for
Simulation in Collaborative Product Development. In 2013 MSC Software
Users Conference, Irvine, USA and Gaydon, UK, 7–8 May and 15–16 May
2013.

[10] K. Sabbagh. Twenty-First-Century Jet: The Making and Marketing of the
Boeing 777. Scribner, first edition, January 1996.

88



Contributions to Variable Fidelity MDO Framework for Collaborative and
Integrated Aircraft Design

[11] D. P. Raymer. Aircraft Design: A Conceptual Approach. AIAA Education
Series. AIAA, 5 edition, 2012.

[12] W. A. Anemaat and B. Kaushik. Geometry Design Assistant for Airplane
Preliminary Design. In 49th AIAA Aerospace Sciences Meeting including the
New Horizons Forum and Aerospace Exposition, AIAA 2011–162, Orlando,
Florida, USA, 4–7 January 2011.

[13] M. B. Giles. Aerospace Design: A Complex Task. Tech.rep., Computing
Laboratory, Oxford University, July 1997.

[14] M. B. Giles and N. A. Pierce. An Introduction to the Adjoint Approach to
Design. Flow, Turbulence and Combustion, 65:393–415, 2000.

[15] I. M. Kroo. Multidisciplinary Design Optimization: State-of-the-Art, chapter
MDO for Large-Scale Design, pages 22–44. SIAM, 1997.

[16] I. Kroo and V. Manning. Collaborative Optimization: Status and Directions.
AIAA Paper 2000-4721, Sept. 2000.

[17] R. Braun. Collaborative Optimization: An Architecture for Large-Scale Dis-
tributed Design. PhD thesis, Stanford University, May 1996.

[18] J. Sobeiszczanski-Sobieski, J. Agte, and R. Jr Sandusky. Bi-Level Integrated
System Synthesis (BLISS). In AIAA Symposium on Multidisciplinary Anal-
ysis and Optimization, St.Louis, MO, Sept. 1998. AIAA 1998–4916.

[19] B. Wujek, J. Renaud, and S. Batill. A Concurrent Engineering Approach
for Multi-disciplinary Design in Distributed Computing Environment . In
N. Alexandrov and M.Y. Hussaini, editors, Multidisciplinary Design Opti-
mization: State of the Art. SIAM, 1997.

[20] D. P. Raymer. Enhancement Aircraft Conceptual Design Usuing Mul-
tidisciplinary Optimization. Report 2002-2, Dept. Aeronautics, KTH
Kungl.Tekniska Högskolan, May 2002. ISBN 91-7283-259-2.

[21] Daniel Böhnke. A Multi-Fidelity Workflow to Derive Physics-Based Concep-
tual Design Methods. Doctoral thesis, DLR, August 2014.

[22] http://www.modelon.com/.

[23] Modelcenter integrate. http://www.phoenix-int.com/.

[24] http://www.esteco.com/modefrontier.

[25] http://www.3ds.com/products-services/simulia/.

[26] M. S. Eldred. Design Under Uncertainty Employing Stochastic Expansion
Methods. Int’l J. for Uncertainty Quantification, 1(2):119–146, Feb. 2011.
https://dakota.sandia.gov/.

89



6 Dissertation

[27] W. Vankan and M. Laban. A SPINEware Based Computational Design En-
gine for Integrated Multi-Disciplinary Aircraft Design. In 9th AIAA/ISSMO
Symposium on Multidisciplinary Analysis and Optimization, AIAA 2002–
5445, Atlanta, Georgia, 2002.

[28] S. L. Padula and R. E. Gillian. Multidisciplinary Environments: A History
of Engineering Framework Development. In 11th AIAA/ISSMO Multidisci-
plinary Analysis and Optimization Conjerence,, Portsmouth, VA., Sept. 2006.
AIAA 2006–7083.

[29] A. T. Isikveren. Quasi-Analytical Modeling and Optimization Techniques for
Transport Aircraft Design. Report 2002-13, KTH Kungl Tekniska Högskolan,
2002.

[30] T. Goetzendorf-Grabowski, D. Mieszalski, and E. Marcinkiewicz. Stability
Analysis using SDSA Tool. Progress in Aerospace Sciences, 47(11):636–646,
2011. doi: 10.1016/j.paerosci.2011.08.007.

[31] L. Cavagna, S. Ricci, and L. Travaglini. NeoCASS: An Integrated Tool
for Structural Sizing, Aeroelastic Analysis and MDO at Conceptual De-
sign Level. Progress in Aerospace Sciences, 47(11):621–635, 2011. doi:
10.1016/j.paerosci.2011.08.006.

[32] J. E. Williams and S. R. Vukelich. The USAF Stability and Control Digital
Datcom. Air Force Wright Aeronautical Laboratories, 1979.

[33] Melin. T. Using Internet Interactions in Developing Vortex Lat-
tice Software for Conceptual Design, 2003. Software available from
http://redhammer.se/tornado/, July 2009.

[34] M. Tomac and D. Eller. From Geometry to CFD Grids: An Automated
Approach for Conceptual Design. Progress in Aerospace Sciences, 47(11):589–
596, 2011. doi: 10.1016/j.paerosci.2011.08.005.

[35] A. Da Ronch, M. Ghoreyshi, and K. J. Badcock. On the Genera-
tion of Flight Dynamics Aerodynamic Tables by Computational Fluid
Dynamics. Progress in Aerospace Sciences, 47(11):597–620, 2011. doi:
10.1016/j.paerosci.2011.09.001.

[36] M. Zhang, M. Tomac, C. Wang, and A. Rizzi. Variable Fidelity Methods
and Surrogate Modeling of Critical Loads on X-31 Aircraft. In 51st AIAA
Aerospace Sciences Meeting, AIAA 2013–1081, Texas, 7–10 January 2013.

[37] M. Zhang, M. Cristofaro, Y. Wang, A. Da Ronch, and A. Rizzi. Investigating
the Piaggio Avanti Design Using CEASIOM. In 29th Congress of the In-
ternational Council of the Aeronautical Sciences ICAS, St. Petersburg, 7–12
September 2014.

90



Contributions to Variable Fidelity MDO Framework for Collaborative and
Integrated Aircraft Design

[38] B. Etkin and L. D. Reid. Dynamics of Flight - Stability and Control. John
Wiley and Sons, 1995. ISBN-13: 978-0471034186.

[39] C. G. B Mitchell. A Computer Programme to Predict the Stability and
Control Characteristics of Subsonic Aircraft. Technical Report TR 73079,
Royal Aircraft Establishment, 1973.

[40] A. Rizzi, P. Eliasson, T. G. Grabowski, J.B. Vos, M. Zhang, and T. S.
Richardson. Design of A Canard Configured TransCruiser Using CEASIOM.
Progress in Aerospace Sciences, 47(8):695–705, 2011.

[41] M. Ghoreyshi, K.J. Badcock, and M. Woodgate. Accelerating the numerical
generation of aerodynamic models for flight simulation. Journal of Aircraft,
46(3):972–980.

[42] F. Palacios, M. R. Colonno, A. C. Aranake, A. Campos, S. R. Copeland,
T. D. Economon, A. K. Lonkar, T. W. Lukaczyk, T. W. R. Taylor, and
J. Alonso. Stanford University Unstructured (SU2): An Open-Source In-
tegrated Computational Environment for Multi-Physics Simulation and De-
sign. In 51st AIAA Aerospace Sciences Meeting, AIAA 2013–0287, Grapevine,
Texas, USA, 7–10 January 2013.

[43] http://www.larosterna.com/sumo.html.

[44] A. S. Hahn. Vehicle Sketch Pad: A Parametric Geometry Modeler for Con-
ceptual Aircraft Design. In 48th AIAA Aerospace Sciences Meeting, Orlando,
4–7 January 2010. AIAA 2010–657.

[45] P. Eliasson. Edge, a Navier-Stokes Solver for Unstructured Grids, pages 527–
534. June 2002.

[46] M. Zhang, A. Rizzi, F. Nicolosi, and A. De Marco. Collaborative Aircraft De-
sign Methodology using ADAS Linked to CEASIOM. In 32nd AIAA Applied
Aerodynamics Conference, AIAA 2014–2012, Atlanta, 16–20 June 2014.

[47] F. Nicolosi and G. Paduano. Development of a Software for Aircraft Pre-
liminary Design and Analysis. In Proceedings of the 3rd CEAS (Council of
European Aerospace Societies) Congress, Venice, Italy, October 2011. Pro-
ceedings ISBN 978-88-96427-18-7.

[48] D. Böhnke, Nagel. B., M. Zhang, and A. Rizzi. Towards a Collaborative and
Integrated Set of Open Tools for Aircraft Design. In 51st AIAA Aerospace
Sciences Meeting, AIAA 2013–0222, Grapevine, 7–10 January 2013.

[49] H. Si. TetGen: a Quality Tetrahedral Mesh Generator and 3D Delaunay
Triangulator. Technical report, User’s Manual. WIAS Technical Report No.
13, 2013.

91



6 Dissertation

[50] D. Böhnke. VAMPzero Conceptual Aircraft Design and Synthesis Code.
http://code.google.com/p/vampzero/.

[51] M. Zhang, A. Rizzi, and R. Nangia. Transonic Airfoil and Wing Design
Using Inverse and Direct Methods. In AIAA SciTech, 53rd AIAA Aerospace
Sciences Meeting, Kissimmee, 5–9 January.

[52] M. Zhang, C. Wang, A.W. Rizzi, and R. K. Nangia. Hybrid Deedback De-
sign for Subsonic and Transonic Airfoils and Wings. In AIAA SciTech, 52nd
Aerospace Sciences Meeting, AIAA 2014–0414, National Harbor, 13–17, Jan-
uary 2014.

[53] M. Zhang, R. Nangia, and A. Rizzi. Design and Shape Optimization of Mor-
phing Winglet for Regional Jetliner. In 2013 Aviation Technology, Itegration,
and Operations Conference, AIAA 2013–4304, Los Angeles, CA., 12–14 Au-
gust 2013.

[54] M. Zhang, A. Rizzi, and R. Nangia. Aerodynamic Shape Design for a Mor-
phing Wing with Wingtip of a Regional Jetliner. In 4th CEAS Air & Space
Conference, , September 2013, Linköping, Sweden, September 2013.

[55] A. Rizzi, M. Zhang, B. Nagel, D. Böhnke, and P. Saquet. Towards a Unified
Framework using CPACS for Geometry Management in Aircraft Design. In
50th AIAA Aerospace Sciences Meeting, AIAA 2012–0549, Nashville, 9–12,
January 2012.

[56] M. Zhang and A. Rizzi. RDS-SUMO: from lofting to physics-based grids.
Aircraft Engineering and Aerospace Technology, 84(3):140–150, 2012.

[57] M. Zhang, A. Rizzi, and D. Raymer. Enhancement of CEASIOM with Rapid-
Meshing Tool for Aircraft Conceptual Design. The J. of Aerospace Science,
Technology and Systems, 91(3/4).

[58] M. Zhang, A. Rizzi, P. Meng, R. Nangia, R. Amiree, and O. Amoignon.
Aerodynamic Design Consideration and Shape Optimization of Flying Wings
in Transonic Flight. In 12th AIAA Aviation Technology, Integration and
Operations (ATIO) Conference and 14th AIAA/ISSMO, Indianapolis, 17–19,
September.

[59] http://wias-berlin.de/software/tetgen/.

[60] M. Tomac. Towards Automated CFD for Engineering Methods in Aircraft
Design. PhD thesis, Royal Institute of Technology, KTH, Stockholm, Sweden,
2014.

[61] A. I. J. Forrester, A. Sóbester, and A. J. Keane. Engineering Design via Sur-
rogate Modelling: A Practical Guide, volume 226 of Progress in Astronautics
and Aeronautics. A John Wiley and Sons, Ltd., Publication, 2008.

92



Contributions to Variable Fidelity MDO Framework for Collaborative and
Integrated Aircraft Design

[62] S. N. Lophaven, H. B. Nielsen, and J. Søndergaard. DACE - a Matlab Krig-
ing Toolbox. Technical Report IMM–REP–2002–13, Technical University of
Denmark, Kongens Lyngby, Denmark, 2002.

[63] S. N. Lophaven, H. B. Nielsen, and J. Søndergaard. Aspect of the Matlab
Toolbox DACE. Technical Report IMM–TR–2002–12, Technical University
of Denmark, Kongens Lyngby, Denmark, August 2002.

[64] M. Drela. LINDOP Optimization Procedures. Technical report, Computa-
tional Aerospace Sciences Laboratory, MIT Department of Aeronautics and
Astronautics, 1993. Technical Report.

[65] D. M. Ryle. High Reynolds Number Subsonic Aerodynamics. In
AGARD/NATO AGARD-LS-37-70, June 1970.

[66] E. Obert. Aerodynamic Design of Transport Aircraft. IOS Press, 2009.

[67] J. A. Bagley. Some Aerodynamic Principles for the Design of Swept Wings.
Progress in Aerospace Sciences, 3:1–83, 1962.

[68] R. C. Lock. The Design of Wing Planforms for Transonic Speeds. Aero Quart,
12(65), Febr. 1961.

[69] R. C. Lock and E. W. Rogers. Aerodynamic Design of Swept Wings and
Bodies for Transonic Speeds. Adv Aeronautical Sciences, 3:253–275, 1961.

[70] A. B. Haines. Wing Section Design for Swept-Back Wings at Transonic Speed.
Journal of the Royal Aeronautical Society, 61:238–244, April 1957.

[71] R. M. Hicks and P. A. Henne. Wing design by numerical optimization. AIAA-
Paper-No-77-1247, 1977.

[72] A. B. Haines. Computer-Aided Design: Aerodynamics. Aeronautical J., pages
81–91, March 1979.

[73] F. T. Lynch. Transonic Aerodynamics, chapter Commercial Transports –
Aerodynamic Design for Cruise Performance Efficiency. 81–1. AIAA.

[74] R. F. Back and J. R. Wedderspoon. The A320 Wing - Designing for Com-
mercial Success. Aerospace, January 1986.

[75] P. A. Henne. An Inverse Transonic Wing Design Method. Journal of Aircraft,
18(2):121–127, 1981. doi: 10.2514/3.57472.

[76] K. Fujii and G. S. Dulikravich, editors. Recent Development of Aerodynamic
Design Methodologies - Inverse Design and Optimization. Vieweg, Braun-
schweig, Germany, 1999.

93



6 Dissertation

[77] A. Jameson. Re-engineering the Design Process Through Computation. Jour-
nal of Aircraft, 36:36–50, 1999.

[78] J. Szodruch and R. Hilbig. Building the Future Aircraft Design for the Next
Century. In 36th AIAA Aerospace Sciences Meeting, AIAA 98–0135, Reno,
NV, USA, 1998. doi: 10.2514/MASM98.

[79] J. A. Jupp. Wing Aerodynamics and the Science of Compromise. RAeS
Aeronautical Journal, November 2001. Lanchester Memorial Lecture.

[80] R. L. Campbell. Efficient Viscous Design of Realistic Aircraft Configurations.
1998.

[81] B. Grossman and et al. Integrated Aerodynamic-Structural Design of Trans-
port Aircraft. J. of Aircraft, 27(12):1050–1056, 1990.

[82] S. Wakayama. Lifting Surface Design Using Multidisciplinary Optimization.
PhD thesis, Stanford University, June 1994.

[83] S. Wakayama. Blended-Wing-Body Optimization Setup. In 8th
AIAA/USAF/ISSMO Symposium on Multidisciplinary Analysis and Opti-
mization, AIAA 2000–4740, Long Beach, CA, 6–8 September 2000.

[84] M. Drela. Simultaneous Optimization of the Airframe, Powerplant, and Op-
eration of Transport Aircraft. 26–28 October 2010.

[85] M. Price, S. Raghunathan, and R. Curran. An Integrated Systems Engineer-
ing Approach to Aircraft Design. Proqress in Aerospace Sciences, 42(4):331–
376, 2006.

[86] C. M. Liersch and M. Hepperle. A Distributed Toolbox for Multidisciplinary
Preliminary Aircraft Design. CEAS Aeronautical Journal, 2011.

[87] E. Kesseler and M. D. Guenov, editors. Advances in Collaborative Civil Aero-
nautical Multidisciplinary Design Optimization, volume Progress in Astronau-
tics & Aeronautics Series 233. AIAA, 2010.

[88] J. C. Vassberg and et al. Pilot Project Aerodynamic Optimization Workshop
with Lessons Learned. 18–21 August 2008.

[89] J. C. Vassberg, M. A. DeHaan, S. M. Rivers, and R. A. Wahls. Development
of a Common Research Model for Applied CFD Validation Studies. 18–21
August 2008.

[90] J. A. Jupp. 21st Century Challenges for the Design of Passenger Aircraft. In
28th International Congress of the Aeronautical Sciences, ICAS Paper–No–
2686, 2012.

94



Contributions to Variable Fidelity MDO Framework for Collaborative and
Integrated Aircraft Design

[91] T. T. Takahashi, D. J. Dulin, and C. T. Kady. A Method to Allocate Camber,
Thickness and Incidence on a Swept Wing. 2014.

[92] E. H. Baalbergen and et al. Collaborative Multi-Partner Modeling & Simula-
tion Processes to Improve Aeronautical product Design. In CEAS Int’l Conf
European Aerospace Societies, 2013.

[93] R. K. Nangia, M. E. Palmer, and R. H. Doe. Aerodynamic Design Studies
of Conventional & Unconventional Wings with Winglets. In 25th Applied
Aerodynamic Conference, AIAA 2006–3460, San Francisco, California, 5–8
June 2006.

[94] P. Weiand. Transonic Aerodynamics in Conceptual Aircraft Design. In
Deutscher Luft- und Raumfahrtkongress, Stuttgart, 2013.

[95] M. Drela. Design and Optimization Method for Multi-Element Arifoils. In
AIAA Aerospace Sciences Meeting, 93–0969, 1993.

[96] M. Drela. A User’s Guide to LINDOP v2.50. Technical report, 1996. User’s
Manual.

[97] M. Drela. Newton Solution of Coupled Viscous/Inviscid Multielement Airfoil
Flows. In AIAA Aerospace Sciences Meeting, 90–1470, 1990.

[98] G. E. Farin, J. Hoschek, and M-S. Kim. Handbook of Computer Aided Geo-
metric Design. Elsevier, 2002.

[99] J. Gallier. Curves and Surfaces in Geometric Modeling: Theory and Algo-
rithms. Technical report, Department of Computer and Information Science,
University of Pennsylvania, 2013.

[100] C. de Boor. A Practical Guide to Splines. Springer-Verlag, 1978.

[101] Olivier Amoignon, Jan Navratil, and Jiri Hradil. Study of parametrization in
the project cedesa. In AIAA SciTech, 2014-0570, National Harbor, Maryland,
USA, 2014.

[102] S. Jakobsson and O. Amoignon. Mesh Deformation using Radial Basis Func-
tions for Gradient-based Aerodynamic Shape Optimization. Technical report,
2005. FOI-R–1784–SE.

[103] B. Mohammadi, J. I. Molho, and J. G. Santiago. Design of Minimal Disper-
sion Fluidic Channels in a CAD-Free Framework. In Center for Turbulence
Research, Proceedings of the Summer Program 2000, University of Montpel-
lier and INRIA, France.

95



6 Dissertation

[104] Gaetan K. W. Kenway, Graeme J. Kennedy, and Jaoquim. R. R. A. Mar-
tins. A CAD-Free Approach to High-Fidelity Aerostructural Optimization.
In 13th AIAA/ISSMO Multidisciplinary Analysis Optimization Conference,
AIAA 2010–9231, Fort Worth, Texas, 13 –15 September 2010.

[105] John C. Vassberg and A. Jameson. Influence of Shape Parametrization on
Aerodynamic Shape Optimization. Technical report, Brussels, Belgium, 2014.
Von Karman Institute Lecture-III.

[106] T. Melin, K. Amadori, and P. Krus. Parametric Wing Profile Description
for Conceptual Design. In 3rd CEAS Air & Space Conference, Venice, Italy,
2011.

[107] R. P. Dwight. Robust Mesh Deformation Using the Linear Elasticity Equa-
tions. Technical report, Institute of Aerodynamic and Flow Technology, Ger-
man Aerospace Center (DLR), D-38108 Braunschweig, Germany.

[108] R. Hicks and P. A. Henne. Wing Design by Numerical Optimization. In
AIAA, 77–1247, Seattle, Washington, USA, 22–24 August 1977.

[109] T. W. Sederberg and S. R Parry. Free-Form Deformation of Solid Geometric
Models. ACM Trasactions on Mathematical Software, 20(4):151–160, 1986.

[110] P. Les and T Wayne. The NURBS Book. Springer, 2nd edition, 1997.

[111] Igor Griva, Stephen G. Nash, and Ariela Sofer. Linear and Nonlinear Opti-
mization. Society for Industrial Applied Mathematics, second edition edition,
2009.

[112] F. Palacios, T. D. Economon, A. D. Wendorff, and J. Alonso. Large-Scale
Aircraft Design Using SU2. In 53st AIAA Aerospace Sciences Meeting, AIAA
2015-1946, Kissimmee, Florida, USA, 5–9 January 2015.

[113] A. Jameson. Aerodynamic Design via Control Theory. Journal of Scientific
Computing, 3:233–260, 1998.

[114] J. L. Lions. Optimal Control of Systems Governed by Partial Differential
Equations. Springer Verlag, New York, 1971.

[115] R. L. Barger and C.W.J Brooks. A Streamline Curvature Method for Design
of Supercritical and Subcritical Airfoils. NASA TN D–7770, NASA, 1974.

[116] R. L. Campbell and L. A. Smith. A Hybrid Algorithm for Transonic Airfoil
and Wing Design. In AIAA Aerospace Sciences Meeting, 87-2552, 1987.

[117] G. S. Dulikravich and D. P. Baker. Aerodynamic Shape Inverse Design using
a Fourier Series Method. In 37th AIAA Aerospace Sciences Meeting, AIAA
99–0185, Reno, NV, 11–14 January 1999.

96



Contributions to Variable Fidelity MDO Framework for Collaborative and
Integrated Aircraft Design

[118] R. L. Campbell. An Approach to Constrained Aerodynamic Design with
Application to Airfoils. Technical Report NASA TP 3260, 1992.

[119] S. Obayashi and S. Takanashi. Genetic Optimization of Target Pressure
Distributions for Inverse Design Methods. AIAA Journal, 34(5):881–886,
May 1996. doi: 10.2514/3.13163.

[120] T. Streit, G. Wichmann, F. Von Knoblauch Zu Hatzbach, and R. Campbell.
Implications of Conical Flow for Laminar Wing Design and Analysis. In 29th
AIAA Applied Aerodynamics Conference, AIAA 2011–3808, 2011.

[121] S. Takanashi. An Iterative Procedure for Three-Dimensional Transonic Wing
Design by the Integral Equation Method. In 2nd AIAA Applied Aerodynamics
Conference, AIAA 84–2155, 1984. doi:10.2514/6.

[122] J. E. Lamar. A Vortex-Lattice Method for the Mean Camber Shapes of
Trimmed Non-Coplanar Planforms with Minimum Vortex Drag. Technical
report, Washington, D. C., 1976. NASA TN D-8090.

[123] P. Garabedian and G. McFadden. Design of Supercritical Swept Wings. AIAA
Journal, 20(3):289–291, 1982.

[124] S. Ghasemi, A. Mosahebi, and E. Laurendeau. A two-dimensional/infinite
swept wing navier-stokes solver. In AIAA SciTech, 52nd Aerospace Sciences
Meeting, National Harbor, MD., Jan. 2014. AIAA.

[125] C. Van Dam. The aerodynamic design of multi-element high-lift systems for
transport airplanes. Progress in Aerospace Sciences, 38(2):101–144, 2002.

[126] M. Drela and B. Giles, Michael. Viscous-Inviscid Analysis of Transonic and
Low Reynolds Number Airfoils. AIAA Journal, 25(10):1347–1355, 1987.

[127] V. Schmitt and F. Charpin. Pressure Distributions on the ONERA-M6-Wing
at Transonic Mach Numbers. Technical report, 1979. Report of the Fluid
Dynamics Panel Working Group 04, AGARD AR 138, Experimental Data
Base for Computer Program Assessment.

[128] B. Kulfan. Universal Parametric Geometry Representation Method. Journal
of Aircraft, 45(1), 2008.

[129] M. A. Potsdam, M. A. Page, and R H. Liebeck. Blended Wing Body Analysis
and Design. AIAA–97–2317, pages 799–805, 1997.

[130] P. D. Ciampa, T. Zill, T. Pfeiffer, and B. Nagel. A Functional Shape
Parametrization Approach for Preliminary Optimization of Unconventional
Aircraft. In 3rd CEAS Air & Space Conference, Venice, Italy, 2011.

97



6 Dissertation

[131] H. Strüber and M. Hepperle. Aerodynamic Optimisation of a Flying Wing
Transport Aircraft, volume 92 of Notes on Numerical Fluid Mechanics and
Multidisciplinary Design (NNFM), pages 69–76. Springer Berlin Heldelberg,
2006.

[132] P. Lötstedt. Accuracy of a Propeller Model in Inviscid Flow. Journal of
Aircraft, 32(6), 1995. doi: 10.2514/3.46880.

[133] Barnes W. McCormick. Aerodynamics, Aeronautics, and Flight Mechanics.
JohnWiley & Sons, Inc., 2nd edition, 1995.

[134] B. Mialon, A. Khabrov, S. BenKhelil, A. Huebner, A. Da Ronch, K. Bad-
cock, L. Cavagna, P. Eliasson, M. Zhang, S. Ricci, J-C. Jouhaud, G. Rogé,
S. Hitzel, and M. Lahuta. Validation of Numerical Prediction of Dynamic
Derivatives: The DLR F-12 and the Transcruiser Test Cases. Progress in
Aerospace Sciences, 47:674–694, 2011.

[135] J. Wolkovitch. The Joined Wing: An Overview. Journal of Aircraft, 23:161–
178, 1986.

[136] R. K. Nangia, M. E. Palmer, L. Hyde, and J. E. Cooper. Aerodynamic Effi-
cient Configurations & Structural Design Challenges Arising - Joined Wings
& Oblique Wings. In RAeS / CEAS 2009 European Air & Space Conference,
Manchester, United Kingdom, 26–29 October 2009.

[137] R. K. Nangia, M. E. Palmer, and C. P. Tilmann. Unconventional High Aspect
Ratio Joined-Wing Aircraft Incorporating Laminar Flow. In 21st Applied
Aerodynamics Conference, Orlando, Florida, USA, 23–26 June 2003.

[138] R. K. Nangia and M. E. Palmer. Unconventional Joined-Wing Concept for
Supersonic Aircraft. In RTO-AVT-99 Conference, Brussels, April 2003.

[139] C. S. Tyler and D. Carter. Comparison of Computational and Experimental
Studies for a Joined-Wing Aircraft. In AIAA Aerospace Sciences Meeting,
AIAA 2002–0702, January 2002.

[140] L. R. Jenkinson, P. Simpkin, and D. Rhodes. Civil Jet Aircraft Design. AIAA
Education Series, 1999.

[141] L. M. Osusky and D. W. Zingg. Lift-constrained drag minimization of a
wing allowing section and twist variation with flow governed by the reynolds-
averaged navier-stokes equations. Technical report, July 10, 2013.

[142] M. Zhang. A User’s Guide to SCID 1.0. Technical report, Royal Institute of
Technology KTH, Stockholm, Sweden, 2015.

98



Contributions to Variable Fidelity MDO Framework for Collaborative and
Integrated Aircraft Design

[143] A. Da Ronch, K. J. Badcock, C. McFarlane, C. Beaverstock, J. Oppelstrup,
M. Zhang, and A. Rizzi. Benchmarking CEASIOM software to predict flight
control and flying qualities of the B-747. In 27th Congress of the International
Council of the Aeronautical Sciences ICAS, 2010.

[144] D. P. Raymer, J. Wilson, H. D. Perkins, A. Rizzi, M. Zhang, and A.R.
Puentes. Advanced Technology Subsonic Transport Study: N+3 Technologies
and Design Concepts. NASA/TM 2011–217130, NASA, 2011.

[145] A. Van der Velden. The Global Aircraft Shape. In AGARD-FDP-VKI Special
Course at VKI, pages 9–1–9–11, Rhode-Saint-Genese, April 1994.

[146] P. Saquet. Further Development of the AcBuilder Tool for Constructing Ge-
ometrical Models of Aircraft, 2011.

[147] J. Scherer, D. Kohlgrüber, F. Dorbath, and M. Sorour. A Finite Element
Based Tool Chain for Structural Sizing of Transport Aircraft in Preliminary
Aircraft Design. In Deutscher Luft-und Raumfahrtkongress 2013, 2013. Doc-
umentID 301327.

99




