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Abstract

The work presented in this thesis was performed with the aim of de-
veloping improved prediction methods for aerodynamic and aeroelastic
analysis to be used in aircraft design.

The first part of the thesis concerns the development of a viscous-inviscid
interaction model for steady aerodynamic predictions. Since an inviscid,
potential flow, model already is available, the main focus is on the de-
velopment of a viscous model consisting of a three-dimensional integral
boundary layer model. The performance of the viscous-inviscid interac-
tion model is evaluated and it is found that the accuracy of the predic-
tions as well as the computational cost appear to be acceptable for the
intended application.

The presented work also includes an experimental study aimed at an-
alyzing steady and unsteady aerodynamic characteristics of a laminar
flow wing model. An enhanced understanding of these characteristics
is presumed to be useful for the development of improved aerodynamic
prediction models. A combination of nearly linear as well as clearly non-
linear aerodynamic variations are observed in the steady as well as in the
unsteady experimental results and it is discussed how these may relate
to boundary layer properties as well as to aeroelastic stability character-
istics.

Aeroelastic considerations are receiving additional attention in the the-
sis, as a method for prediction of how flutter characteristics are affected
by modeling uncertainties is part of the presented material. The analysis
method provides an efficient alternative for obtaining increased informa-
tion about, as well as enhanced understanding of, aeroelastic stability
characteristics.
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Sammanfattning

Arbetet som presenteras i följande avhandling utfördes med syfte att
utveckla förbättrade prediktionsmetoder för aerodynamiska och aeroe-
lastiska analyser, ämnade att användas inom tillämpningar relaterade
till design av flygplan.

Den första delen av arbetet beskriver utvecklingen av en tredimensionell
viskös-inviskös interaktionsmodell för prediktion av stationära aerody-
namiska flödesfält. Eftersom en inviskös potentialflödesmodell redan
finns tillgänglig är arbetet fokuserat på utvecklingen av en viskös modell
baserad på tredimensionella integrala gränsskiktsekvationer. En utvärder-
ing av modellens prestanda visar att noggrannheten såväl som beräkn-
ingstiden tycks vara acceptabla för den tänkta tillämpningen.

Det presenterade arbetet inkluderar även en experimentell studie ämnad
att analysera stationär och instationär aerodynamisk karaktäristik för en
vinge med naturlig laminärströmning. En ökad förståelse för denna typ
av karaktäristik förväntas vara användbar för utveckling av förbättrade
aerodynamiska prediktionsmetoder. En kombination av nästintill linjära
såväl som tydligt icke-linjära aerodynamiska variationer observeras i de
stationära såväl som i de instationära experimentella resultaten. Det
diskuteras hur dessa variationer skulle kunna relatera till gränsskiktsef-
fekter såväl som till aeroelastisk karaktäristik.

Aeroelastiska effekter får ytterligare uppmärksamhet i avhandlingen, då
en metod för prediktion av hur fladderkaraktäristik påverkas av model-
leringsosäkerheter ingår i det presenterade materialet. Analysmetoden
erbjuder ett effektivt alternativ för att erhålla ökad information om, såväl
som förståelse för, aeroelastisk stabilitetskaraktäristik.
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Dissertation

This thesis is based on a brief introduction to the area of research and
the following appended papers:

Paper A

M. Lokatt and D. Eller. Finite-Volume Scheme for the Solution of In-
tegral Boundary Layer Equations. Published in Computers & Fluids in
June 2016 (Volume 132, Pages 62-71).

Paper B

M. Lokatt and D. Eller. A Robust Viscous-Inviscid Interaction Scheme
for Application on Unstructured Meshes. Published in Computers &
Fluids in March 2017 (Volume 145, Pages 37-51).

Paper C

M. Lokatt and D. Eller. Experimental validation of a viscous-inviscid
interaction model. To be submitted for publication.

Paper D

M. Lokatt and D. Eller. A study of unsteady aerodynamic loads on a
natural laminar flow wing model. To be submitted for publication.

Paper E

M. Lokatt. Aeroelastic flutter analysis considering modeling uncertain-
ties. To appear in Journal of Fluids and Structures (2017).

The versions of Paper A, Paper B and Paper E presented in this thesis
are slightly revised versions of the accepted manuscripts and thus deviate
slightly from the published versions.





Introduction 9

Contents

Preface 1

Abstract 3

Dissertation 7

Introduction 11

Boundary layers 12

Computational fluid dynamics 13

Flow models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

Discretization and numerical solution . . . . . . . . . . . . . . . 15

Experimental aerodynamics 16

Contribution of this work 17

Conclusions and future work 19

References 21

Division of work between authors 27

Appended papers





Introduction 11

Introduction

The attitude that anything is possible appears to have been a key in-
gredient to numerous achievements made throughout aviation history.
Since the Wright brothers’ successful flights in the beginning of the 20th
century, numerous people have contributed to a continuous development
of aircraft design which has enabled flights across oceans, over mountains
and through sound barriers [1, 2, 3]. As for today, air travel presents an
attractive option for long distance transportation and high performance
concepts that could enable travels across the globe in a couple of hours
are being studied [4]. At the same time, concerns regarding the environ-
mental impact of flight, including its influence on the global climate, are
receiving considerable attention and provide challenges to aircraft de-
sign. Notable efforts are currently spent on developing greener aircraft
and it appears that significant improvements in performance are needed
to meet the environmental goals set for future aviation [5, 4, 6].

The performance of an aircraft is strongly related to its aerodynamic
properties. As such, when developing an aircraft considerable efforts are
typically spent on evaluating and improving the aerodynamic design.
While useful aerodynamic information can be obtained from experimen-
tal testing, computational fluid dynamics (CFD) codes have been exten-
sively developed throughout the last decades and have enabled notable
improvements in aerodynamic design [7, 8]. As for today, CFD models
with a wide range of fidelity and computational complexity are available,
and widely used, for design purposes. Still, it appears that further de-
velopments in terms of physics modeling, accuracy, reliability as well as
computational efficiency could provide significant value to aircraft design
and presumably enable time and cost savings as well as improved design
solutions [7, 8].

Apart from performance aspects, there are numerous other design crite-
ria which need to be considered when developing an aircraft [9]. One such
aspect is aeroelastic (or aeroservoelastic) properties. These relate to the
interaction between aerodynamic and structural forces, sometimes also
accounting for control system dynamics [10, 11, 12]. This interaction can
have an influence on aircraft performance as well as on structural loads.
It can also give rise to aeroelastic instabilities, such as divergence, flut-
ter, limit-cycle oscillations and buffeting, which can cause considerable
damage to the aircraft structure. A description of these instabilities, as
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well as of other aeroelastic phenomena, can be found in [10, 11]. Because
of their negative consequences, it is important to ensure that aeroelastic
instabilities do not appear during flight. As such, the aeroelastic char-
acteristics of an aircraft are commonly evaluated using a combination of
computational and experimental methods [10, 11]. While a variety of
computational methods of different complexity are available, it appears
that further developments of aeroelastic prediction and analysis meth-
ods could enable a more efficient design process as well as safer design
solutions [13, 14].

The work presented in this thesis is intended to be part of the continuous
efforts devoted to improving aircraft designs. More specifically, the focus
is on developing methods that can provide reasonably accurate estimates
of aerodynamic and aeroelastic properties while being computationally
efficient. However, before discussing this in more detail the concept of
boundary layers, which is of central importance in the present work, will
be introduced. Also, CFD and experimental aerodynamics will be further
discussed to provide some background information and perspective.

Boundary layers

Boundary layers are commonly found near surfaces within aerodynamic
flow fields and typically include relatively steep velocity gradients in the
wall normal direction. The velocity difference is commonly said to intro-
duce a displacement effect through which the boundary layer influences
the flow field further from the surface. The displacement effect is strongly
related to the boundary layer thickness, which in turn is largely depen-
dent on the Reynolds number (a non-dimensional measure that provides
an indication of the relative importance of inertial and friction forces on
the flow field properties [15]) and the character of the boundary layer
(that is typically defined to be laminar or turbulent [15]). Typically, the
boundary layer thickness decreases with increasing Reynolds number.
Laminar boundary layers are commonly thinner than turbulent bound-
ary layers and, as such, the location of the transition region (where the
boundary layer character changes from laminar to turbulent [15]) can
have a notable influence on the displacement thickness. Another impor-
tant boundary layer phenomenon is flow separation, which can cause a
significant displacement effect and, as such, have a relatively strong in-
fluence on the surrounding flow field [16, 15, 17, 18]. Both transition and
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Figure 1: Areas where significant three-dimensional boundary layer char-
acteristics typically are present.

separation are relatively complex phenomena, in particular in flow fields
where three-dimensional effects, such as for example crossflow (a varia-
tion of velocity direction within the boundary layer [17]), are significant
[16, 15, 17, 18]. On an aircraft apparent three-dimensional boundary
layer effects are commonly present near the wing-body junction, near
the wing tips and the engine nacelle attachments on the main wing as
well as near the tail wing and the stabilizer [19], as illustrated by the
encircled areas in Figure 1.

The boundary layer can have a notable influence on the aircraft aerody-
namics [16, 20, 5, 21]. With regards to aerodynamic design, it is worth
mentioning that there has been a significant focus on laminar flow tech-
nology (which aims at developing aircraft and wing designs with large
regions of laminar flow [5, 21]) in recent years. A main reason for the
interest is that a reduction in the aerodynamic drag, and thus of the re-
lated fuel consumption and emissions of greenhouse gases, is believed to
be obtainable by designing aircraft to have a significant amount of lam-
inar flow, which could be helpful in reducing the environmental impact
of flight [5, 21].
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Computational fluid dynamics

As mentioned in the introduction, CFD models can provide an efficient
way of obtaining information about aerodynamic characteristics of an
aircraft configuration. To obtain accurate and reliable predictions at a
reasonable cost, there are a number of aspects which need to be consid-
ered. These include the choice of mathematical model, discretization as
well as numerical solution technique.

Flow models

Fluid motion is commonly modeled by the Navier-Stokes (NS) equations
[22]. These form a set of partial differential equations which describe
how flow field quantities such as velocity, density and pressure develop in
space and time. As it, in general, is difficult to find an analytical solution
to these equations the distribution of flow field quantities is typically
solved for using some suitable numerical method [22]. A selection of
these are described below.

Direct numerical simulations (DNS) aim at finding a nearly exact solu-
tion to the NS equations and can typically provide thorough descriptions
of various flow field quantities, including details on the turbulent spec-
tra [22, 23]. However, these simulations require a substantial amount of
both time and computer resources, which are commonly not available in
engineering applications. It is thus common to introduce different levels
of approximations in the NS equations to obtain simplified flow mod-
els which can provide approximate solutions of the requested flow field
quantities at a reduced computational cost [22, 23].

One such simplified approach is to use a model based on the steady or un-
steady Reynolds-averaged Navier-Stokes (RANS or URANS) equations
in combination with an approximate model for the turbulent spectra
[22, 23]. These models solve for averaged flow field quantities and typi-
cally require a significantly lower computational cost than DNS [22, 23].
While both RANS and URANS models are available for use in aero-
nautical applications, a significant amount of time may still be required
to obtain accurate and reliable results from these types of models, in
particular for unsteady flow cases [7, 24].

The above described models account for viscous effects. In some cases,
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Viscous

Inviscid

Figure 2: Illustration of presumed viscous and inviscid parts of flow field.

these effects only have a limited effect on the flow field quantities of
interest so that the flow can be assumed to be inviscid. A simplified set
of equations known as the Euler equations, which neglect terms in the NS
equations that are related to viscous effects, can then be employed [22]. If
the flow can also be assumed to be irrotational [25], the equations can be
further simplified to provide the potential flow equations [22]. Inviscid
flow models typically require a relatively low computational cost and
have been widely used in aerodynamic design applications [7].

Also so called viscous-inviscid interaction (VII) models are common in
aeronautical applications [16, 7, 26, 27]. As illustrated in Figure 2, VII
models combine the use of inviscid flow equations in the main part of
the flow domain with equations that account for viscous effects in areas
where they are presumed to be of importance, such as in boundary layer
regions. VII models typically have favorable computational properties
and, at the same time, they can provide a notably improved accuracy as
compared to inviscid flow models in flow fields where viscous effects are of
importance. As such, they provide an interesting option for aerodynamic
prediction and analysis in cases where RANS or URANS simulations are
too expensive and inviscid models may be expected to have questionable
accuracy [16, 19, 7].

Discretization and numerical solution

All of the above described flow models form a set of partial-differential
equations (PDE). To find a numerical solution to the flow equations, it is
common to apply a discretization to translate the PDE system to a set of
algebraic equations. The algebraic equations are then typically functions
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of a set of variables defined in certain points, commonly known as nodes,
of a mesh surface or volume. Discretization techniques are typically
divided into finite-difference schemes, finite-element schemes and finite-
volume schemes. When deciding upon a suitable discretization there
are certain aspects which are important to consider. These include the
geometry of the flow domain as well as the character of the PDE system
[22].

In applications to relatively simple geometries, finite-difference schemes
can be a suitable choice as they can easily be adapted to obtain a high-
order convergence on structured grids. In applications to more complex
geometries, finite-element and finite-volume schemes can be preferable
since they are easily adaptable for applications to unstructured grids
[22].

When deciding upon a discretization scheme, it is important to consider
how to weigh the contribution from different nodes in the mesh, since
this can affect the accuracy and stability of the numerical solution. What
nodal weighting is preferable is strongly related to the character of the
PDE system, which is commonly defined to be elliptic, parabolic, hyper-
bolic or mixed [22, 28]. There are numerous weighting schemes available.
A thorough discussion about these, as well as how their accuracy and
stability properties relate to the character of the PDE system, can be
found in [22, 28].

Once a suitable discretization scheme has been applied, the discretized
system of equations can be solved with a suitable numerical method.
In fluid dynamic applications, it is common to employ a time marching
strategy or, at least for steady flows, a Newton-based solution method
[22, 16, 7]. For both of these approaches there is a variety of solution
schemes to choose from, see for example [22, 29] for an overview.

Experimental aerodynamics

Experiments can provide a straightforward way of measuring aerody-
namic quantities of interest. For example, the results can provide useful
information about steady aerodynamic loads or unsteady aerodynamic
characteristics. They can also be useful for validation of numerical flow
models. As when choosing a numerical model, there are several things
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which need to be considered in order to obtain relevant and accurate
results from experimental measurements. A few of these are described
below whereas a thorough description and discussion of experimental
testing can be found in [30, 31].

If performing a set of experiments to obtain information about the aero-
dynamic loads which are acting upon an aircraft in flight, it is typically
important that the experimental flow conditions are representative of
the flight conditions. As such, if viscous effects are expected to be of
significant importance, it is preferable that the Reynolds number in the
experiment is similar to the Reynolds number in flight. If compressibility
effects are expected to have a notable influence on the flow field prop-
erties, it is suitable to choose the flow conditions to obtain an accurate
Mach number (a non-dimensional measure of the ratio between a refer-
ence flow speed and the speed of sound that provides an indication of the
relative importance of compressibility effects and high speed phenomena,
such as shock waves, on the flow field properties [25]) [30, 11].

For wind tunnel experiments, it is important to consider that the tunnel
walls can introduce wall interference effects which cause the flow field
to deviate from what would be obtained in free atmospheric flight. The
relative importance of these effects depend on a number of parameters,
such as the geometry of the wind tunnel and the experimental model as
well as the flow conditions [30]. To relate the wind tunnel measurements
to atmospheric conditions, different types of corrections can be applied.
A discussion of this can be found in [30].

Contribution of this work

The present work consists of a combination of experimental and numeri-
cal studies with a common focus on improving methods for aerodynamic
and aeroelastic prediction and analysis as well as enhancing the knowl-
edge about unsteady aerodynamic characteristics.

The work presented in Papers A to C focuses on steady flow fields and
describes the development of a, steady, three-dimensional VII model for
subsonic applications. For two-dimensional flow cases, such as flow over
airfoil sections, there exist well developed VII models which can provide
relatively accurate predictions of flow field properties [32]. For analysis



18 M. Lokatt

of flow fields over more complex aircraft geometries there are methods
which combine a three-dimensional inviscid flow model with a boundary
layer model based on two-dimensional equations [27, 33, 7, 34]. These
methods can typically provide improved accuracy as compared to inviscid
flow models. However, they may not be able to provide accurate flow field
predictions in areas where three-dimensional boundary layer effects can
be expected to be of importance, such as the ones illustrated in Figure 1.
While a significant amount of effort has been spent on developing fully
three-dimensional models (which combine a three-dimensional bound-
ary layer model with a three-dimensional inviscid model) [35, 19, 36], it
appears that there is still space for improvement. As such, the work per-
formed in the present study aims at building on the significant amount
of theory which is available for VII techniques, to develop a fully three-
dimensional VII model which is robustly applicable to aircraft-related
geometries. It is presumed that such a model could provide useful in-
formation about flow field properties also in regions with complex three-
dimensional boundary layer characteristics and, as such, be helpful in
the development of improved aerodynamic design solutions.

Paper A describes the implementation of the viscous part of the steady
VII model, which is based on a set of three-dimensional integral boundary
layer equations. A main focus of the paper is the development and
implementation of a discretization consisting of an unstructured mesh
finite-volume scheme applicable to three-dimensional surfaces. Aspects
such as flow conservation and upwind weighting as well as numerical
stability and convergence are discussed.

Paper B describes the coupling of the viscous model, developed in Paper
A, to an existing, inviscid, potential flow model [37]. This paper includes
a thorough analysis and discussion of the boundary layer singularity
[38, 39, 40], perhaps most well known as the Goldstein singularity [38],
which appears in the viscous part of the flow model in separated flow
regions. The accuracy of the predictions of the coupled flow model is
evaluated by comparison to experimental data as well as to predictions
of another flow model.

In Paper C, the performance of the model is evaluated by comparison to
experimental data for a quasi two-dimensional and a three-dimensional
test case. The three-dimensional test case considers a well known wing-
body configuration [41] whereas the quasi two-dimensional test case con-
siders an experimental study of the flow over a laminar flow wing model.
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In fact, the experimental data for the laminar flow test case is obtained
from an experimental study which is part of the work performed in this
thesis and is therefor described in some detail.

In Paper D, the focus is shifted to unsteady flow cases. The paper
describes the unsteady part of the experimental study of the laminar
flow wing model, of which the steady part was described in Paper C. A
main purpose of the study is to investigate whether the unsteady aero-
dynamic variation can be accurately represented by a linear model, so
that an unsteady harmonic motion results in a harmonic variation of the
aerodynamic forces [16, 42]. This is a common modeling approach in for
example aeroelastic applications, since it can enable relatively efficient
predictions of unsteady characteristics [13]. However, there are indica-
tions that the linear assumption may not be very accurate for wings with
significant regions of laminar flow and that the aerodynamic character-
istics observed for such wings could have a significant influence on the
aeroelastic stability [43]. In Paper D, previous findings [44, 43, 45, 46] are
related to observations in the present experimental study and possible
implications for aeroelastic stability analysis are discussed.

Paper E focuses on aeroelastic flutter analysis. It describes the develop-
ment of a model for analysis of how modeling uncertainties affect pre-
dicted aeroelastic stability characteristics. These types of models could
presumably enhance the fidelity of aeroelastic predictions as well as allow
a more efficient aeroelastic analysis and have received significant atten-
tion [13, 14]. The present paper considers combinations of structural as
well as aerodynamic uncertainties and discusses the computational cost
and the accuracy of the predictions, as well as the relative importance
of different types of modeling uncertainties.

Conclusions and future work

The VII model developed in the present work has been found to be able to
provide reasonably accurate predictions of flow field properties of interest
in quasi two-dimensional as well as three-dimensional steady flow fields of
relevance to aeronautical applications. The computational cost appears
to be low enough for the VII model to be useful for aircraft design.
Still, the flow model could be further improved. In particular, it could
be useful to implement an improved transition model, as the current
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transition criterion is based on a streamwise model for the amplification
of Tollmien-Schlichting waves [47] and, as such, is not able to account
for other transition types, such as cross-flow instabilities and attachment
line instabilities [18].

Regarding unsteady aerodynamic flow fields, relatively interesting non-
linear aerodynamic characteristics have been observed in the experimen-
tal study. It could be interesting to further investigate how the non-linear
aerodynamic response relates to unsteady boundary layer characteristics
as well as what implications it may have for aeroelastic stability. It could
also be interesting to investigate how to model the unsteady response in
an accurate and efficient way and perhaps further develop the VII model
to be applicable to unsteady flow fields based on this analysis.

As for aeroelastic stability analysis, the model which has been devel-
oped to account for aeroelastic modeling uncertainties provides a flex-
ible way of accounting for various types of modeling uncertainties and
appears to be promising from a perspective of computational efficiency.
Since the accuracy of the predictions is strongly related to the accuracy
of the uncertainty description it could be useful to further investigate
suitable formulations for modeling of aerodynamic and structural uncer-
tainties which are suitable for use in aircraft design. Also, it could be
worthwhile to investigate whether non-linear aerodynamic terms, as have
been observed in studies of laminar flow wings [44, 43, 45, 46], could be
appropriately represented by an aerodynamic uncertainty model when
performing aeroelastic analyzes based on linear system models.



Introduction 21

References

[1] J. D. Andersen Jr. The Airplane: A History of its Technology.
American Institution of Aeronautics and Astronautics, 2002.

[2] M. Spick. Milestones of Manned Flight. Salamander Books Ltd,
London, United Kingdom, 1994.

[3] J. D. Anderson. Introduction to Flight. Mc Graw Hill, 2005.

[4] Y. Sun and H. Smith. Review and prospect of supersonic business
jet design. Progress in Aerospace Sciences, 90:12 – 38, 2017.

[5] J. E. Green. Laminar flow control – back to the future? In 38th
Fluid Dynamics Conference and Exhibit, number AIAA 2008-3738,
2008.

[6] W.R. Graham, C.A. Hall, and M. Vera Morales. The potential of fu-
ture aircraft technology for noise and pollutant emissions reduction.
Transport Policy, 34:36–51, 2014.

[7] F. T. Johnson, E. N. Tinoco, and N. Jong Yu. Thirty years of devel-
opment and application of CFD at Boeing Commercial Airplanes,
Seattle. Computers & Fluids, 34(10):1115 – 1151, 2005.

[8] K. Becker and J. Vassberg. 100 Volumes of ’Notes on Numerical
Fluid Mechanics’ 40 Years of Numerical Fluid Mechanics and Aero-
dynamics in Retrospect, pages 209 – 220. Springer, 2009.

[9] D. P. Raymer. Aircraft Design: A Conceptual Approach. AIAA
Education Series, Washington D.C., 1992.

[10] R. L. Bisplinghoff, H. Ashley, and R. L. Halfman. Aeroelasticity.
Dover Publications, 1996.

[11] E. H. Dowell et. al. A modern course in aeroelasticity. Kluwer,
Dordrecht, 2015.

[12] R. Lind and M. Brenner. Robust Aeroservoelastic Stability Analysis.
Springer, London, Great Britain, 1999.

[13] E. Livne. Future of Airplane Aeroelasticity. Journal of Aircraft,
40(6):1066–1092, 2003.



22 M. Lokatt

[14] C. L. Pettit. Uncertainty Quantification in Aeroelasticity: Recent
Results and Research Challenges. Journal of Aircraft, 41(5):1217–
1229, 2004.

[15] H. Schlichting and K. Gersten. Boundary Layer Theory. Springer,
2003.

[16] M. Drela. Flight Vehicle Aerodynamics. MIT Press, 2014.

[17] J. A. Schetz and R. D. W. Bowersox. Boundary Layer Analysis.
AIAA Education Series, 2011.

[18] E. H. Hirschel et. al. Three-Dimensional Attached Viscous Flow.
Springer-Verlag, 2014.

[19] M. Drela. Three-dimensional integral boundary layer formulation
for general configurations. In 21st AIAA Computational Fluid Dy-
namics Conference, number 2013-2437, 2013.

[20] L. M. M. Boermans et. al. Aerodynamic Design for High-
Performance Sailplane Wing-Fuselage Combinations. In 21st ICAS
Congress, Melbourne, Australia, September 1998.

[21] J.D. Crouch. Boundary-layer transition prediction for laminar flow
control. In 45th AIAA Fluid Dynamics Conference. AIAA, June
2015.

[22] J. H. Ferziger and M. Períc. Computational Methods for Fluid Dy-
namics. Springer, 2002.

[23] B. Anderson et. al. Computational Fluid Dynamics for Engineers.
Cambride University Press, 2011.

[24] J. B. Vos et. al. Navier-Stokes Solvers in European Aircraft Design.
Progress in Aerospace Sciences, 38:601–697, 2002.

[25] J. D. Anderson. Modern Compressible Flow. Mc Graw Hill, 2004.

[26] P. R. Spalart and V. Venkatakrishnan. On the role and chal-
lenges of CFD in the aerospace industry. The Aeronautical Journal,
120(1223):209 – 232, 2016.

[27] R. C. Lock and B. R. Williams. Viscous-inviscid interactions in
external aerodynamics. Progress in Aerospace Science, 24:51–171,
1987.



Introduction 23

[28] R.J. LeVeque. Numerical Methods for Conservation Laws. Springer
Basel AG, 1992.

[29] P. E. Gill, W. Murray, and M. H. Wright. Practical Optimization.
Academic Press, 1981.

[30] W. H. Rae and A. Pope. Low-Speed Wind Tunnel Testing. John
Wiley & Sons, 1984.

[31] C. Tropea, A. Yarin, and J. F. Foss. Springer Handbook of Experi-
mental Fluid Mechanics. Springer-Verlag, Berlin Heidelberg, 2007.

[32] M. Drela. Xfoil: An analysis and design system for low Reynolds
number airfoils. In Lecture Notes in Engineering, number 54.
Springer Verlag, June 1989.

[33] H. H. Henke. The viscous-coupled 3D Euler method euvisc and its
aeroelastic application. In International Forum for Aeroelasticity
and Structural Dynamics, volume II, pages 95–106, Madrid, 2001.

[34] D.P. Young, R.G. Melvin, W.P. Huffman, E. Arian, M. Hong,
and M. Drela. Implementation of a separated flow capability in
TRANAIR. AIAA Journal, 52(8):1669–1716, 2014.

[35] E. G. M Coenen. Viscous-Inviscid Interaction with the Quasi-
Simultaneous Method for 2D and 3D Aerodynamic Flow. PhD thesis,
University of Groningen, 2001.

[36] A. van Garell. Integral Boundary Layer Methods for wind Turbine
Aerodynamics. Technical report, Netherlands Agency for Energy
and the Environment, 2003.

[37] D. Eller. Fast, Unstructured-Mesh Finite-Element Method for Non-
linear Subsonic Flow. AIAA Journal of Aircraft, 49(5):1471–1479,
2012.

[38] S. Goldstein. On Laminar Boundary-Layer Flow Near a Position
of Separation. The Quarterly Journal of Mechanics and Applied
Mathematics, 1(1):43–69, 1948.

[39] J. Cousteix and R. Houdeville. Singularities in Three-Dimensional
Turbulent Boundary-Layer Calculations and Separation Phenom-
ena. AIAA Journal, 19:976–985, 1981.



24 M. Lokatt

[40] B. H. Mughal. Integral Methods for Three-Dimensional Boundary
Layers. PhD thesis, Department of Aeronautics and Astronautics,
Massachusetts Institute of Technology, 1998.

[41] A Selection of Experimental Test Cases for the Validation of CFD
Codes. Technical report, 1994. AGARD Advisory Report No 303.

[42] E. Albano and W. P. Rodden. A Doublet-Lattice Method for Calcu-
lating Lift Distributions on Oscillating Surfaces in Subsonic Flow.
AIAA Journal, 7(2):279 – 285, 1969.

[43] A. Hebler and R. Thormann. Flutter prediction of a laminar airfoil
using a doublet lattice method corrected by experimental data. In
the 19th STAB/DGLR Symposium, Munich, Germany, 2014.

[44] H. Mai and A. Hebler. Aeroelasticity of a laminar wing. In IFASD-
2011, 2011.

[45] V. Gleize et. al. Numerical simulation of a pitching airfoil under
dynamic stall conditions including laminar/turbulent transition. In
46th AIAA Aerospace Sciences Meeting and Exhibit. AIAA, January
2008.

[46] K. Richter et. al. Improved two-dimensional dynamic stall predic-
tion with structured and hybrid numerical methods. In the Ameri-
can Helicopter Society 65th Annual Forum, May 2009.

[47] M. Drela and M. B. Giles. Viscous-Inviscid Analysis of Transonic
and Low-Reynolds Number Airfoils. In 4th Applied Aerodynamic
Conference American Institute of Aeronautics and Astronautics,
number AIAA 1986-1786, pages 131–140, 1986.







Introduction 27

Division of work between authors

Paper A

Lokatt developed and implemented the finite-volume discretization and
the integral boundary layer model as well as performed the validation
test cases. The paper was written by Lokatt with support from Eller.

Paper B

The viscous-inviscid coupling scheme was developed and implemented by
Lokatt. Lokatt performed the related mathematical analyzes as well as
the validation test cases. The paper was written by Lokatt with support
from Eller.

Paper C

The updates to the numerical solution algorithm were performed by Eller
whereas the other modeling updates were performed by Lokatt. The
experimental setup was prepared by Eller whereas the experiments were
performed jointly by the authors. The numerical analyzes as well as the
writing of the paper was performed by Lokatt with support from Eller.

Paper D

The experimental setup was prepared by Eller. The experimental mea-
surements were performed jointly by the authors. The analysis of the
experimental data as well as the writing of the paper was performed
jointly by the authors.


