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"You can’t connect the dots looking forward; you can only connect them
looking backwards. So you have to trust that the dots will somehow connect

in your future. You have to trust in something - your gut, destiny, life,
karma, whatever. This approach has never let me down, and it has made all

the difference in my life."
Steve Jobs
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Abstract

Comprehensive aerodynamic investigations of leading-edge vortex flow phenomena are presented
in this thesis on moderately-swept, low-aspect-ratio wing configurations with rounded leading
edges and spanwise-varying leading-edge contours. As a result of relevant design criteria of
unmanned (combat) aerial vehicles (U(C)AV), these types of wing configurations have become
subject of aerodynamic research for the past decade. The respective flow physics is commonly
associated with the existence of partly-developed leading-edge vortices, as both attached flow
and separated vortex flow regions are observed with increasing angle of attack along the wing
span. Considering the rounded leading edge, the flow separation onset occurs from a smooth
surface separation. Amongst others, the location depends on the angle of attack, the wing
sweep angle, the leading-edge radius, and the boundary-layer characteristics determined by the
Reynolds number. In this context, the present thesis focuses on the analysis and control of partly-
developed leading-edge vortices on two diamond wing configurations, namely the AVT-183 and
the SAGITTA configuration. The corresponding investigations are undertaken by a combined
experimental and numerical approach at low-speed wind tunnel (W/T) conditions.

The analysis of the AVT-183 configuration with entirely rounded leading edge provides a con-
sistent flow-physical description of the leading-edge vortex formation from a smooth surface sep-
aration on boundary-layer level in the incipient separation region. More downstream, the vortical
structure then appears as a large-scale leading-edge vortex on the diamond wing surface. The
leading-edge vortex is characterized by wake-type vortex core flow and instantaneously shows
vortex bursting tendencies. Local turbulent maxima are identified as well in this region and
decrease towards the trailing edge. The observed flow field phenomena are characteristic of
moderately-swept and vortex-dominated wing configurations with rounded leading edges.

The effects of leading-edge contour modifications are discussed on the SAGITTA configuration,
which features a spanwise-varying leading-edge contour. In total six different configurations are
considered in the analysis, thus defining various concepts of passive flow control. The existence
of a non-uniform leading-edge geometry is motivated by mission requirements of related U(C)AV
applications with respect to aerodynamic performance, stability concerns, and low-signature de-
sign criteria. In consequence of the increased airfoil thickness of the SAGITTA configuration
compared to the AVT-183 configuration, the formation of leading-edge vortices based on smooth
surface separations is considerably delayed to higher angles of attack. Sharp leading-edge seg-
ments are mostly required to promote leading-edge vortex flow at low to moderate angles of
attack. Depending on the applied leading-edge contour modifications, leading-edge vortices due
to rounded leading edges finally emerge with increasing angle of attack. The integral aerodyna-
mic characteristics are therefore influenced, especially the drag and the pitching-moment coeffi-
cients. Consequently, the longitudinal stability behavior is thereby controlled. The lift coefficients
are rather insensitive to the leading-edge shape, and thus determined by the wing planform.





Zusammenfassung

Die vorliegende Arbeit befasst sich mit der aerodynamischen Untersuchung von Vorderkantenwir-
belphänomenen an moderat gepfeilten Flügelkonfigurationen mit kleinem Seitenverhältnis, welche
runde oder spannweitig variierende Vorderkanten aufweisen. Resultierend aus Designkriterien von
unbemannten Luftfahrzeugen sind diese innerhalb des letzten Jahrzehnts zum Gegenstand aero-
dynamischer Forschung geworden. Die damit verbundene Strömungsphysik ist mit der Existenz
von teilentwickelten Vorderkantenwirbeln verknüpft, die mit steigendem Anstellwinkel sowohl Be-
reiche anliegender als auch wirbeldominierter abgelöster Strömung ausbilden. Im Fall der runden
Vorderkante ist die Strömungsablösung örtlich nicht fixiert. Der zugehörige Ort ist dabei unter
anderem vom Anstellwinkel, dem Pfeilungswinkel, dem Vorderkantenradius und dem durch die
Reynolds-Zahl bedingten Grenzschichtzustand abhängig. Die vorliegende Arbeit konzentriert sich
in diesem Zusammenhang auf die Analyse und Kontrolle von teilentwickelten Vorderkantenwir-
beln an zwei Diamantflügelkonfigurationen, der AVT-183- und der SAGITTA-Konfiguration. Die
Untersuchungen liegen einem kombinierten experimentellen und numerischen Ansatz zugrunde
und werden bei Niedergeschwindigkeits-Windkanalbedingungen durchgeführt.

Die Analyse der AVT-183-Konfiguration mit komplett runder Vorderkante liefert eine konsis-
tente strömungsphysikalische Beschreibung der Vorderkantenwirbelbildung durch die Strömungs-
ablösung nahe der Flügelvorderkante und innerhalb der Grenzschicht. Erst weiter stromab bildet
sich die Wirbelstruktur dann als großskaliger Vorderkantenwirbel aus. Dieser ist durch Unterge-
schwindigkeiten im Wirbelkern gekennzeichnet und zeigt umgehend Anzeichen von Wirbelaufplat-
zen. Lokale Turbulenzmaxima sind folglich in diesem Bereich ausgeprägt und nehmen in Richtung
der Flügelhinterkante ab. Die auftretenden Strömungsphänomene sind charakteristisch für eine
moderat gepfeilte, wirbeldominierte Flügelkonfiguration mit runder Vorderkantengeometrie.

Die Effekte von Vorderkantengeometriemodifikationen in spannweitiger Richtung werden an der
SAGITTA-Konfiguration diskutiert. Die Analyse beruht auf sechs verschiedenen Konfigurationen,
welche für sich jeweils Konzepte passiver Strömungskontrolle beschreiben. Die Modifikationen lei-
ten sich aus Missionsanforderungen im Hinblick auf die aerodynamische Leistung, Stabilitätsan-
forderungen und Designkriterien bzgl. radararmer Signatur ab. Durch das aufgedickte Flügelprofil
der SAGITTA-Konfiguration gegenüber der AVT-183-Konfiguration entstehen die Vorderkan-
tenwirbel infolge runder Vorderkanten erst bei höheren Anstellwinkeln. Um Vorderkantenwirbel
auch bei niedrigeren Anstellwinkeln zu erzeugen, ist eine scharfe Vorderkante erforderlich. Ab-
hängig von den untersuchten Konfigurationen findet mit steigendem Anstellwinkel dann teilweise
auch eine Vorderkantenwirbelbildung infolge der Strömungsablösung an der runden Vorderkante
statt. Die integralen aerodynamischen Charakteristika werden dadurch beeinflusst, besonders die
Widerstands- und Nickmomentenkoeffizienten. Das Stabilitätsverhalten der Längsbewegung wird
folglich ebenfalls kontrolliert. Die Auftriebsbeiwerte sind durch die Vorderkantengeometriemodi-
fikationen nur schwach veränderlich und sind daher durch die Flügelgrundrissform bestimmt.
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Chapter 1

Introduction

1.1 Background and Motivation

The analysis of leading-edge vortices at highly- and moderately-swept, low-aspect-ratio wing
configurations has been subject of aerodynamic research for a long time. During the past approx-
imately 60 years, the flow phenomena associated with leading-edge vortices were investigated in
great detail. The main influence parameters promoting vortex flow have been identified, which
are, in particular, the wing planform including the wing sweep, the leading-edge contour, and the
angle of attack. Additionally, the Mach number, the Reynolds number including the boundary-
layer characteristics, the airfoil shape with varying thickness and camber, and the angle of sideslip
have been found to influence the existence and the character of leading-edge vortices under cer-
tain circumstances. Overall, the influence parameters mainly determine the location of the flow
separation onset, the leading-edge vortex progression, its effective strength, and unsteady flow
phenomena such as vortex bursting.

Over the last decades, numerous analyses were conducted for slender delta wing planforms
(ϕle ≥ 60◦) with sharp leading edges, for which the flow separation onset is geometrically fixed.
For this type of wing configuration, the occurring flow phenomena are to a large extent under-
stood, and are well documented in the literature, see Section 1.2. In recent years, the focus of
vortex flow research has increasingly been placed on wing configurations with changed planform
parameters and airfoil shapes. Reduced wing sweeps, swept trailing edges (as found at lambda-
and diamond-shaped wing configurations), and rounded leading edges are particularly investi-
gated. Spanwise-varying leading-edge contours are also looked at in this context. Section 1.2
gives a brief outline of relevant work in this field of research. The investigation of modified wing
configurations has especially become relevant due to the design and development of today’s low-
signature fighter aircraft (e.g. B-2, F-117, F-22, Suchoi T-50), and similarly by low-signature,
low-aspect-ratio unmanned (combat) aerial vehicle concepts (U(C)AV, e.g. Neuron, X47-A, X-
47B, Taranis). To design and develop future aircraft configurations, these U(C)AV concepts are
currently built and tested for demonstration purposes and specific capabilities. Figure 1.1 shows
a selection of them. For suchlike wing configurations, competing mission requirements are present
in the relevant application scenarios. In the context of aerodynamic design, these requirements
range from an optimized flight performance in high subsonic maneuver flight conditions and a
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(a) Neuron. (b) X47-A. (c) X47-B. (d) Taranis.

Figure 1.1: Examples of current U(C)AV concepts.

desired stability behavior to relevant engine intake and radar cross-section (RCS) issues of the
vehicle [53, 99]. Consequently, the characteristics of current low-aspect-ratio wing configurations
are mainly determined by these requirements. As a result, present-day U(C)AV wing designs
often feature moderate leading-edge sweep angles of 50◦ < ϕle < 60◦ (defined as non-slender,
ϕle < 60◦), including rounded leading edges or spanwise-varying leading-edge contours.

For this type of non-slender wing configuration, partly-developed leading-edge vortices are
commonly observed. In case of an exclusively rounded leading-edge contour, the flow separation
onset is no longer geometrically fixed. In the outboard wing sections, separated vortex flow is often
noticed with increasing angle of attack while attached flow is still present in the more inboard
wing regions. Fully-developed leading-edge vortices along the entire wing span, as known from
slender wing configurations with sharp leading edges, do no longer exist. Furthermore, vortex
bursting phenomena occur at lower angles of attack, and usually before the flow separation onset
has moved up to the apex of the wing. In addition, both the flow separation onset and the leading-
edge vortex progression are now particularly influenced by the leading-edge radius, the Mach and
Reynolds number, and by the corresponding boundary-layer characteristics. Section 2.3 provides
a summary of these aspects. Three-dimensional effects significantly determine the boundary-
layer separation, which is decisive for the vortex formation and progression. The occurring flow
phenomena thereby become more complex compared to the case with sharp leading edges. To
date, these have not yet entirely been understood and are subject of current research, see Section
1.2. More specifically, a complete flow-physical scenario of the flow separation onset at rounded
leading edges based on boundary-layer flow phenomena has not been formulated so far. In this
context, related theoretical approaches on the topological interpretation of three-dimensional
separated flows are introduced in Section 2.2. In the course of this thesis, they are reviewed and
discussed with current results.

If spanwise-varying leading-edge contours are present on low-aspect-ratio wing configurations,
partly-developed leading-edge vortices are usually observed as a result of the chosen airfoil shape
along the wing span. Specific regions of attached flow and separated vortex flow are thus promoted
a priori. The need for varying airfoil shapes originates, on the one hand, from the above mentioned
design requirements of current low-signature wing configurations. On the other hand, the leading-
edge contour modifications represent a concept of passive flow control, which is used to influence
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the performance and the stability behavior of wing configurations. Operating at low to moderate
angles of attack, the aerodynamic characteristics are generally more efficient employing rounded
leading-edge contours. With respect to low-signature issues and the agility of the aircraft at
higher angles of attack, however, sharp leading edges are preferred in most cases. As a result,
spanwise-varying leading-edge contours lead in many cases to complex flow phenomena and to
vortex-vortex interactions between the occurring vortical structures at higher angles of attack.
This provides design space for optimization purposes as the combination of different leading-edge
vortices can be best utilized. An appropriate combination of sharp and rounded airfoil shapes
along the wing span of respective wing configurations thus allows for a marked improvement in
the overall aerodynamic characteristics. RCS concerns and other configurational design drivers
are still respected or remain unaffected at the same time. For this reason, such passive flow
control concepts are currently being reviewed in the present field of research. Specifically for the
design of future U(C)AV wing configurations, they can contribute to a low-signature wing design
with optimized aerodynamic characteristics.

1.2 State of the Art

The following section provides a survey on the state of the art of vortex flow research. First of
all, the most fundamental investigations of slender delta wing configurations with sharp leading
edges are summarized briefly. Next, the focus is upon recent studies of low-aspect-ratio wing
configurations with rounded leading edges and spanwise-varying leading-edge contours. Non-
slender wing configurations with moderately-swept leading edges are regarded as well. In this
context, Luckring gives a broad and detailed overview of the topic [86]. This part of the review
is further subdivided into two sections, which are structured as follows: At the beginning, recent
research conducted within the framework of the NATO Science and Technology Organisation
(STO) (formerly known as RTO, Research and Technology Organization, and AGARD, Advisory
Group for Aerospace Research and Development), Applied Vehicle Technology (AVT) panel, are
presented. Afterwards, other selected research activities are introduced, which are related to
non-slender low-aspect-ratio wing configurations and are also relevant for this research.

Basis for Vortex Flow Research – Slender Delta Wings with Sharp Leading Edges

Initiated by early W/T experiments of Hummel [59] and Lambourne [82], the flow physics of
leading-edge vortices at slender delta wings with sharp leading edges was extensively studied
around the 1960s. With this fundamental research, they greatly contributed to the foundations
of present-day fighter-type aircraft aerodynamics (e.g. F-15, F-16, F/A-18, EF2000), but also to
current research regarding U(C)AV-related, low-aspect-ratio wing configurations. Unsteady flow
phenomena occurring at high angles of attack, such as vortex bursting, were further discovered
and looked at for the first time [60, 83]. The influence of the boundary-layer characteristics on
the leading-edge vortex formation was also investigated later on [61]. In effect, the cumulative
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research in this field led to key improvements of fighter-type aircraft aerodynamics until the 1990s.
With regard to practical applications, the focus of further research was placed specifically upon
the associated unsteady flow phenomena, which were identified to influence the performance, the
stability, and the structural loads of the aircraft [17, 49]. As a result, the flow phenomena occurring
for this type of wing configuration are well understood since these days. Comprehensive review
articles summarizing the relevant experimental and numerical investigations were published by
Peake [100], Hummel [56, 58], Gursul [50], and Breitsamter [16].

Vortex Flow Investigations - NATO Research Task Groups

The effects of rounded leading edges on the vortex formation and progression were first studied in
the International Vortex Flow Experiment 1 (VFE-1) [31]. In the early 1980s, it was initiated as a
joint program of national research institutes, industry partners, and universities to validate com-
putational fluid dynamics (CFD) methods at that time. Numerous investigations were conducted
on a slender delta wing configuration with varying Mach number, Reynolds number, and different
leading-edge shapes (one sharp, three rounded). Summaries of the results are given by Elsenaar
[36] and Luckring [89]. Related comprehensive data sets, as provided for instance by the National
Aeronautics and Space Administration (NASA), can be found in Reference [21]. Depending on
the applied leading-edge shape, different flow field characteristics were observed, see Figure 1.2. It

Figure 1.2: Effect of the leading-edge shape on the pressure
distribution at the VFE-1 configuration for Ma =
0.4, Remac = 9 · 106 and α = 10◦ [36].

turned out that the primary flow
separation is significantly depen-
dent on the leading-edge radius
and the Reynolds number [88,
90]. Compressibility effects were
also observed [87]. In partic-
ular, regions of attached flow
upstream of the vortex forma-
tion were identified, which is re-
lated to the flow phenomenon
of part-span vortex separation
or partly-developed leading-edge
vortices. This work also con-
tributed to an AGARD sympo-

sium [36] and to the NATO RTO research task group AVT-080, in which specifically the ability
of CFD methods to predict vortical flow structures on delta wings was considered [107].

Caused by the great enhancements of Navier-Stokes CFD methods in the 1990s, and by the need
for further experimental data for CFD code validation, the VFE-1 research found a continuation
within the International Vortex Flow Experiment 2 (VFE-2), see Hummel [62]. As a follow-up to
AVT-080, extensive experimental and numerical work was conducted in the research task group
AVT-113. The focus was put on the fundamental investigation of the vortex formation at the 65◦
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leading-edge sweep VFE-2 delta wing configuration with the medium-radius rounded leading edge
of the VFE-1 wing. The influence of the boundary-layer characteristics on the flow separation on-
set was studied in detail. Relevant foundations for this analysis were summarized by Hummel [57].
In addition, more aircraft-oriented work on the F16-XL-1 was also considered by the research task
group [11, 12, 41, 47, 98, 103]. Overall, outstanding advancements were made due to the results

(a) Ma = 0.14, Remac = 2 · 106 and α = 13◦ [43].

(b) Ma = 0.4, Remac = 3 · 106 and α = 13◦ [93].

Figure 1.3: Flow field characteristics and flow topology of the VFE-
2 configuration with rounded leading edges.

of AVT-113. With respect
to the VFE-2 configuration,
the understanding of partly-
developed leading-edge vor-
tices and the vortex for-
mation at rounded leading
edges was improved exten-
sively. The influence of
the boundary-layer charac-
teristics on the vortex sep-
aration was demonstrated.
Moreover, new flow phenom-
ena such as a weak "inner
vortex", which is induced
by a laminar flow separa-
tion on the inboard wing,
were observed under certain
Reynolds number conditions
[24, 40, 43, 79, 91, 113]. Fig-
ure 1.3 introduces the cor-
responding flow field charac-
teristics of the VFE-2 con-
figuration at α = 13◦ and
a flow topology interpreta-
tion. The final results of
the research task group are
published in Reference [106],
and the lessons learned are
summarized by Luckring and Hummel [93].

The increasing demands for research on low-aspect-ratio wing configurations, which are more
representative for current U(C)AV-related wing designs, subsequently led to the next NATO
RTO research task group, namely AVT-161 [108]. In a combined experimental and numerical ap-
proach, it focused among other aspects on the stability and control characteristics of a non-slender
UCAV wing design, the Stability and Control Configuration (SACCON) [23]. This lambda-shaped
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Figure 1.4: SACCON UCAV low-speed
wind tunnel model [23].

wing configuration is characterized by a leading-edge
sweep angle of ϕle = 53◦, see Figure 1.4. In addition, it
features spanwise-varying leading-edge contours with
sharp and rounded leading-edge segments. Compared
to the VFE-2 delta wing configuration, considerably
larger leading-edge radii are present, in particular in
the mid-span region. As emphasized by Schütte et al.,
the geometry thus respects the main design require-
ments of relevant U(C)AV applications [112]. Usually
this leads, as mentioned above, to complex aerody-
namic characteristics associated with leading-edge vor-

tices. Suchlike flow phenomena, including vortex-vortex interactions and corresponding pitching-
moment instabilities, were consequently observed for the SACCON configuration as well [23, 39,
104, 105, 112, 129, 133]. They originate from the spanwise-varying leading-edge contours as the
outboard blunt leading-edge vortex rapidly moves forward at higher angles of attack. Figure 1.5
exemplarily depicts the present vortex flow phenomena. With increasing angle of attack, the
SACCON flow pattern consists of regions with attached flow and leading-edge vortices occurring
from the sharp and the rounded leading-edge segments.

Due to analyses conducted within AVT-161, the occurring flow field characteristics were largely
understood for the specific SACCON configuration. For a fundamental understanding of the flow

Figure 1.5: SACCON vortex flow phe-
nomena, α = 16.83◦ [39, 86].

separation onset at rounded leading-edge contours,
however, new research questions were brought up. The
exploitation of different leading-edge vortices for pas-
sive flow control concepts was not addressed in the
research task group, but the observed interactions be-
tween the vortex structures pointed at the impor-
tance of further research in this area. More aircraft-
oriented work on another complex full-aircraft geome-
try, namely the X-31 configuration, was also conducted
within AVT-161 [8, 78, 96, 111, 115]. For the analyses,
the vortex flow associated with the present rounded
leading edges was investigated by CFD methods and
in W/T test campaigns. It turned out that gaps on the
leading-edge flaps significantly affect the vortex sepa-
ration at rounded leading edges. Hence, they need
to be modeled in CFD investigations as well. With
respect to practical applications, this is a major con-
cern for further research, when leading-edge controls
are considered additionally.
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Vortex Flow Investigations - Other Research Activities

Parallel to the mentioned activities coordinated by NATO, vortex flow research was conducted
also in the context of other collaborative research programs on representative low-aspect-ratio
wing configurations during the last decade. By way of example, two of them are introduced
here. In the research program AER-TP5, organized and executed by the Technical Cooperation
Program (TTCP), the 1303 configuration was considered [4], see Figure 1.6a. A Swedish research
program analyzed the Swing configuration [123], see Figure 1.6b. Both configurations consist of a
lambda-shaped wing with a thickened fuselage section. The leading-edge sweep angles are ϕle =

47◦ for the 1303 configuration and ϕle = 56◦ for the Swing lambda wing. Both configurations
feature rounded leading-edge contours with medium to large nose radii. Except for the spanwise-
varying leading-edge contours, they are therefore comparable to SACCON.

The research program AER-TP5 focused in detail on the onset and progression of the leading-
edge vortex separation at rounded leading edges. CFD validation purposes were addressed as well.
Moreover, different leading-edge shapes with varying bluntness were investigated and compared
to each other. Figure 1.6c shows a sample result with attached flow in the midboard wing section
and a vortex separation in the more outboard wing sections. In accordance with the results
obtained for the SACCON configuration, adverse pitch-up characteristics were found in certain
angle-of-attack regimes that occur from the lambda-shaped wing and resulting partly-developed
leading-edge vortices. With regard to practical applications, this is a major challenge for stability
and control, which makes the lambda-shaped wing planform rather disadvantageously. Since the
1303 configuration, however, was not intended to be a full aircraft design, detailed analyses were
undertaken on these moment non-linearities to enhance the understanding of the observed flow
phenomena. Similarly to the SACCON configuration, the moment characteristics could thus be
linked to the flow field characteristics occurring for the 1303 wing configuration.

(a) 1303 configuration [4].

(b) Swing configuration [123]. (c) 1303 configuration [4]. (d) Swing configuration [123].

Figure 1.6: Overview of selected research programs associated with non-slender, low-aspect-ratio
wing configurations.
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The research conducted on the Swing configuration focused in particular on stability and control
of the tailless wing with different trailing-edge controls, but valuable information on the flow field
characteristics was collected as well. Figure 1.6d depicts an oil flow pattern of the Swing config-
uration, showing the partly-developed leading-edge vortex in the more outboard wing sections.
Compared to the SACCON and the 1303 configuration, the occurring flow phenomena were of
similar type, and pitch-break instabilities were found as well with increasing angle of attack [123].

Synthesis

The introduced research programs greatly contributed to improvements in the research field of
partly-developed leading-edge vortices at wing configurations with rounded or spanwise-varying
leading-edge contours. Important foundations were laid during the last 25 years, upon which sub-
sequent research could be based. With respect to a better understanding of both the flow physics
on the fundamental side and present-day U(C)AV concepts on the application side, however, it
turned out that other wing planforms than the challenging lambda-shaped wing configuration
should be considered additionally. For this reason, diamond-shaped wing configurations came
more and more into the focus of relevant research in this field.

1.3 Research Objectives

The main results and findings of the collaborative research groups AVT-113, AVT-161 and AER-
TP5 in particular led to the formation of another follow-up research task group within the NATO
STO framework, namely AVT-183, in 2010. It was tasked to focus in greater detail on the "Reli-
able Prediction of Separated Flow Onset and Progression for Air and Sea Vehicles" [92], and was
active until the end of 2014. In order to overcome the pitch instabilities found for lambda-shaped
wings such as the SACCON and the 1303 configuration, this time a diamond wing configura-
tion was considered. On a newly designed and more simple wing configuration with completely
rounded leading edges, the vortex formation caused by a smooth surface separation was to be
studied as an isolated phenomenon [10]. According to Luckring and Boelens, the resulting flow
problem was thus reduced to a so-called "combined-unit flow problem" [92]. Thereby, the flow
separation onset at the rounded leading-edge contour and the vortex progression could be ex-
amined in detail. In a combined approach, both experimental and numerical investigations were
undertaken at low-speed wind tunnel (W/T) conditions. CFD code validation was addressed as
well by the task group, since advancements in the numerical prediction of respective aerodynamic
characteristics are still required for today’s state-of-the-art turbulence models.

Key parts of the research conducted for this thesis were meant to drive the overall progress
of AVT-183 and helped shaping its final outcome [68, 69, 71, 72, 124]. Accordingly, one main
objective of the present thesis was derived from the scope of this task group. In particular, the
question regarding the location of the flow separation onset was of great importance for the work
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Figure 1.7: Scenario of the flow separation onset at a non-slender
wing with rounded leading edge [63].

within AVT-183. In this con-
text, a basic sketch by Hummel
[63] is introduced, see Figure
1.7. It defines the first main
objective of this thesis, namely
the analysis of the partly-
developed leading-edge vortex
on the AVT-183 diamond wing
configuration. Both experi-
mental and numerical investi-
gations are used to analyze the
flow separation onset and pro-
gression. A consistent flow-
physical description of the flow
separation onset on boundary-layer level is especially sought for. On the experimental side, a
study of leading-edge roughness effects is additionally conducted, which provides fixed transition
conditions in the W/T experiments. Altogether, the overall understanding of smooth surface
separations at wing configurations with rounded leading edges shall thereby be enhanced. The
following Section 1.4 gives an overall description of the AVT-183 diamond wing configuration.
The work approach within this thesis is then outlined in Section 1.5.

The second main objective of the present research pertains to the control of partly-developed
leading-edge vortices. In this regard, leading-edge contour modifications including spanwise-
varying leading-edge contours are examined. Concepts of passive flow control are thereby inves-
tigated. Low-speed W/T conditions are considered exclusively, and Mach number and Reynolds
number effects are out of the scope. For the analysis, another diamond wing configuration is
looked at, namely SAGITTA (Latin for "arrow"). Its geometric details are stated in Section 1.4.
This low-signature, low-aspect-ratio U(C)AV configuration is associated with a research program

Figure 1.8: SAGITTA demonstrator configuration.

launched by Airbus Defence
and Space in 2011, which fol-
lows a so-called "Open Inno-
vation" approach [117]. Several
partners from German univer-
sities and research institutions
each work on specific aspects
of the project. Additionally,
a flying demonstrator is con-
structed jointly, see Figure 1.8.
The first flight of the vehicle is
scheduled for fall 2016.
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Within this part of the thesis, several leading-edge contour modifications in spanwise direction
are investigated, for which varying flow field characteristics are expected. By means of these mod-
ifications, different partly-developed leading-edge vortices are created and controlled. As a result,
the flow field characteristics include regions of attached flow and separated vortex flow. With
increasing angle of attack, vortex-vortex interactions are also looked at. Overall, the analyses
are mainly conducted by numerical investigations. For the reference configuration, comprehen-
sive W/T tests are performed also, and therefore the numerical method is validated. Hence,
this study aims at improving the stability, controllability and agility of the SAGITTA diamond
wing configuration. The obtained differences are assessed and rated with respect to the flight
performance and resulting RCS issues. This work thereby contributes to a generally improved
understanding of partly-developed leading-edge vortices at wing configurations that are relevant
for practical U(C)AV applications.

1.4 Analyzed Diamond Wing Configurations

This section introduces the two diamond wing configurations considered in the present research.
First, the AVT-183 configuration is regarded, which originates from the related STO task group
AVT-183. Figure 1.9a shows the wing planform that was designed as a semi-span wing con-
figuration. Consequently, the analyses only deal with the longitudinal motion. Boelens et al.
summarized the development process of the diamond wing configuration in detail [10]. The wing
was designed in a way that the desired flow phenomenon of blunt-leading-edge vortical separation
occurs for given low-speed W/T conditions at moderate angles of attack. The resulting diamond
wing features a 53◦ leading-edge sweep, −26.5◦ trailing-edge sweep angle and is equipped along
the entire span with a rounded leading-edge contour of NACA 64A006 type. Along the wing
span, the leading-edge radius to chord ratio is constant with rle/c = 0.23%.

Second, the full-span SAGITTA diamond wing configuration is introduced, see Figure 1.9b.
Compared to the AVT-183 configuration, the SAGITTA configuration features very similar
leading-edge and trailing-edge sweep angles, respectively (ϕle = 55◦ and ϕte = −25◦). The

(a) AVT-183 configuration. (b) SAGITTA configuration.

Figure 1.9: Planform comparison of the analyzed diamond wing configurations, top view xy plane.
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chosen airfoil originates from the same NACA airfoil family (64A0XX), but the relative thickness
is however twice as thick with 12% relative thickness. This is a result from relevant constraints
within the SAGITTA research program. Since no explicit fuselage is present, the available in-
stallation space must be spread over the whole diamond wing volume. Thereby, the SAGITTA
configuration features a relatively thick airfoil with significantly large nose radii of the rounded
leading edge (rle/c = 0.99%). Based on present RCS requirements as introduced above, the in-
ner 20% of each semi-span wing were furthermore replaced by a sharp leading-edge contour, see
Figure 1.9b. In consequence, the SAGITTA configuration exhibits spanwise-varying leading-edge
contours. The thick airfoil and the leading-edge geometry influence the vortex flow character-
istics considerably. Early studies on this 12% relative thickness U(C)AV configuration showed
that wing segments with rounded leading-edge contours are still at moderate angles of attack
dominated by attached flow (apart from the wing tip area). Up to α = 18◦, vortex formation
only takes place by the inboard sharp leading-edge contour [65–67, 70].

The concepts of passive flow control are reviewed on five leading-edge contour modifications.
By the choice of the actual leading-edge geometry, spanwise sections of attached flow and sepa-
rated flow (vortex flow) shall be provoked. To control the occurring partly-developed leading-edge
vortices most efficiently, additional segments with sharp leading edges are introduced at the lead-
ing edge of the SAGITTA configuration in spanwise direction. Based on a parametric geometry
model [66], the reference geometry and five configurations with modified spanwise-varying leading-
edge contour were defined, see Figure 1.10. The reference configuration shown in Figure 1.10a
is designated as SG Geo 1. It features a sharp leading edge in the inboard section named LE
segment I. The leading-edge contour of the remaining wing sections is of basic NACA 64A012
type. The second configuration, namely SG Geo 2, was derived from the reference configuration

(a) SG Geo 1. (b) SG Geo 2. (c) SG Geo 3.

(d) SG Geo 4. (e) SG Geo 5. (f) SG Geo 6.

Figure 1.10: Spanwise-varying leading-edge contours of the SAGITTA configuration (right wing).
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SG Geo 1 by adding a sharp leading-edge contour to the outboard wing section LE segment IV,
see Figure 1.10b. Configuration SG Geo 3 exhibits a sharp leading-edge contour in LE segment I
and LE segment III while the remaining segments are of basic NACA 64A012 type with rounded
leading-edge contour, see Figure 1.10c.

Configuration SG Geo 4 is characterized by a leading-edge twist modification. It was derived
from a related U(C)AV concept of Airbus Defence & Space that was designed to operate up
to high subsonic Mach numbers. The leading-edge shape is equal to that of reference config-
uration SG Geo 1, see Figure 1.10d. The leading-edge coordinate, however, is twisted along
the wing span in z-direction. Figure 1.11 depicts the resulting z-offset along the leading edge
in spanwise direction. For most of the wing sections along the span, it can be seen that the
leading-edge nose is shifted up so that the effective local angle of attack is increased. Therefore,

Figure 1.11: Leading-edge twist modification (nose coordi-
nate) for configuration SG Geo 4.

leading-edge vortex formation due
to rounded leading edges is pro-
moted. The last two configura-
tions, namely SG Geo 5 and SG
Geo 6, are considered for compari-
son purposes. They feature exclu-
sively sharp and rounded leading-
edge contours, see Figure 1.10e
and 1.10f. Except for the different

airfoil thickness and the slightly varying leading- and trailing-edge sweep angles, configuration
SG Geo 6 is thus equal to the AVT-183 configuration. Consequently, the fundamental effects of
airfoil thickness and leading-edge radius on the vortex formation can directly be compared and
discussed.

1.5 Thesis Outline

A brief outline on the following chapters of the present thesis is provided. Chapter 2 introduces
important fundamentals that are relevant for this work. In addition to basic relations for sim-
ilarity and dimensionless parameters, an overview of the flow physics is given with regard to
three-dimensional separated flows. In particular, theoretical considerations on the topological
interpretation are reviewed. Afterwards, leading-edge bluntness effects on vortex separations are
considered. The main influence parameters and the effects with respect to the occurrence of
partly-developed leading-edge vortices are thereby summarized.

In Chapter 3, the experimental approach is presented. At first, the W/T test facility that was
used for the experimental analyses is introduced. Section 3.2 then explains the W/T models and
the corresponding measurement test set-ups. Afterwards, wall roughness effects in experimental
investigations are treated. In combination with the explanation of theoretical aspects, relevant
trip-strip methods and cases to fix the laminar-turbulent transition on the W/T models are

12



1.5 Thesis Outline

examined. This aspect is of great importance for the present work, especially for the analyses
associated with the AVT-183 configuration. Chapter 3 finally concludes with the description of
the applied measurement techniques.

The numerical approach in Chapter 4 is divided into three parts. First of all, the geometry
models relevant for the numerical investigations are introduced. Subsequently, the grid genera-
tion process and the resulting grids are presented for both the AVT-183 configuration and the
SAGITTA configuration. Finally, the applied flow solver is regarded. The governing equations
are stated and the main features of the flow solver are introduced in this context. The relevant
numerical set-ups are also summarized.

The analysis and discussion of the results are spread over two comprehensive chapters. At
first, the analysis of partly-developed leading-edge vortices is considered in Chapter 5. This work
has been conducted for the AVT-183 configuration. The sub-structure is organized by different
sections for the experimental and numerical investigations. The experimental part, see Section
5.1, first of all deals with leading-edge roughness effects on the flow separation onset and progres-
sion of the emanating leading-edge vortex. Subsequently, the overall flow field characteristics are
regarded and the integral aerodynamic coefficients are discussed. The main results and major
findings of the AVT-183 W/T experiments are thus presented in detail. The numerical part,
see Section 5.2, starts with the validation of the numerical method. Thereafter, the flow physics
analysis of the partly-developed leading-edge vortex is extended by the CFD computations, and
comprehensive analyses on the flow separation onset characteristics close to the diamond wing
surface are presented. Finally, the flow topology is reviewed, which characterizes the flow-physical
mechanisms of the smooth surface separation and the leading-edge vortex formation.

The results obtained for the SAGITTA configuration are regarded in Chapter 6, which focuses
on the investigation of passive flow control concepts by leading-edge contour modifications. The
reference configuration SG Geo 1 is considered in Section 6.1. First, the numerical method is val-
idated by experimental results. Then, the flow physics of the reference configuration is analyzed,
as both the longitudinal and the lateral motion are discussed. The subsequent sections depict
the results of the other configurations with modified leading-edge contours, see Section 6.2 to
Section 6.4. They are based on numerical investigations only and concentrate on the longitudinal
motion. The sections are each sub-structured by a flow physics analysis and investigations of
the longitudinal aerodynamic coefficients. The corresponding derivatives and respective stability
investigations are also covered for the considered cases. Thereby, the different leading-edge mod-
ifications are assessed with respect to stability and control as well as flight performance issues.
Finally, the results are each compared to those of the reference configuration SG Geo 1.

The thesis finishes with a conclusion of the presented results. The regarded research fields are
summarized, and the major findings of the AVT-183 and the SAGITTA analyses are highlighted.
The outcome of the respective investigations is linked together, as the key results are set in context
to each other. Thereby, a final assessment of the research topic is provided, which emphasizes
the lessons learned on the analysis and control of partly-developed leading-edge vortices.
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Chapter 2

Fundamentals

2.1 Similarity and Dimensionless Parameters

Dimensionless parameters play a key role in aerodynamics with respect to the similarity of flow
fields. In particular, they have to be considered in experimental analyses, in which scaled models
are commonly regarded. Compared to full-scale conditions or related numerical investigations,
the flow field characteristics only fit together if the dimensionless parameters are kept constant.
According to Truckenbrodt, the similarity of two flow fields is in general obtained only if geo-
metric and relevant physical quantities correspond to a fixed ratio for any correspondent position
within the two flow fields [130]. In practical applications, one often considers only the most rel-
evant quantities. They have to be determined in preparation of the experiments and numerical
simulations, respectively. Finally, this then leads to the resulting dimensionless parameters.

In the context of the present research, the focus was laid on the Mach number, the Reynolds
number, and the Strouhal number. The Mach number gives a measure of the ratio of inertial
to elastic forces, and the Reynolds number depicts the ratio of inertial to viscous forces. If
unsteady flow phenomena are present, one additionally considers the Strouhal number. In the
following, it is expressed by the reduced frequency. Thereby, significant frequencies of unsteady
flow phenomena are directly accessible. Hence, the relevant dimensionless parameters are defined
as follows:

Mach number: Ma =
U∞√
κRT

, (2.1)

Reynolds number: Re =
U∞ · lµ
ν

, (2.2)

Strouhal number: St =
f · lµ
U∞

= kred . (2.3)

Since the considered diamond wing configurations do not refer to explicit full-scale flight vehicles,
the experimental results represent the source data for subsequent analyses. To ensure flow field
similarity in the combined experimental/numerical approach, which was applied in the course of
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this thesis, the dimensionless parameters of the numerical investigations were accordingly derived
from the W/T experiments. A correct installation of the W/T models in the test facility and
a sufficient accurate flow field quality within the experimental analyses compared to the CFD
investigations were naturally required in this context.

The geometric similarity of the wing configurations, including comparable reference lengths
for the dimensionless parameters, was a priori given between the experiments and the numerics,
since the W/T model sizes were directly used for the entire numerical investigations, see Section
4.1. Due to variations of ambient pressure and temperature in the W/T facility during the
experimental investigations, the Mach and Reynolds number similarity required more attention.
Since the flow separation onset and progression of partly-developed leading-edge vortices are, in
case of low-speed W/T conditions, much more sensitive to the Reynolds number than to the
Mach number, the Reynolds number was kept constant in the experiments in the first instance.
The variations in the free stream Mach number were negligible in this context. Section 3.2
presents the corresponding data for the respective measurement test set-ups of both regarded wing
configurations. Hence, the Mach and Reynolds number similarity between the W/T experiments
and the CFD computations was guaranteed in all cases. The last aspect to be addressed pertains
to the similarity of the wall roughness. The CFD computations were run fully turbulent, see
Section 4.3.3. Since the boundary-layer characteristics in the W/T experiments, however, could
be expected as partly laminar for the applied model sizes and Reynolds numbers, special attention
was thus laid on flow tripping. Section 3.3 focuses on this issue in detail, including overall
information on wall roughness effects in low-speed W/T investigations. Thereby, the similarity of
the boundary-layer flow between the experimental and the numerical investigations was ensured.
Especially with respect to the analysis of vortex-dominated wing configurations, this aspect is of
great importance.

2.2 Flow Physics of Three-Dimensional Separated Flows

General Remarks

The flow field of low-aspect-ratio wing configurations, as considered in this thesis, is in gen-
eral characterized with increasing angle of attack by vortical flow, which arises from a three-
dimensional flow separation. In this case, a viscous flow sheet, which was previously confined
in the boundary-layer region attached to the wall, rolls up and suddenly springs into the outer
non-dissipative flow [27]. The flow separation entails the formation of vortical structures and,
depending on several influence parameters, partly-developed leading-edge vortices may occur, see
Section 2.3. From a flow-physical point of view, the phenomena associated with three-dimensional
separated flows are still not understood to the fullest, although they have been studied for a long
time. In particular, a clear flow-physical understanding of the flow separation onset, especially
for smooth surface separations, is of major interest. In a brief summary, fundamental remarks
are given next on this aspect with respect to the present thesis.
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(a) Two-dimensaional flow.

(b) Three-dimensaional flow.

Figure 2.1: Simple concepts of flow separa-
tion [27].

The description of three-dimensional separated
flows is challenging in many aspects, since it is more
complex compared to two-dimensional considera-
tions. The classical definition of flow separation in
two dimensions with τw = 0 at the separation point
is not sufficient any longer for three-dimensional
flows. Generally, there are no privileged directions
along which the sign of the skin friction - which is
now a vector - has a well-defined physical mean-
ing, see Délery [27]. The separated flow can always
escape in the transverse dimension, see the vorti-
cal sturcture (T) in Figure 2.1b. Hence, a three-
dimensional flow separation is rather induced by
a separation line, where the boundary layer, actu-
ally two converging boundary layers, separates from
the body surface [51]. By way of example, this is
schematically shown in Figure 2.2. According to
Hirschel [51], three-dimensional flow separation in general can thus be defined as follows: "Sepa-
ration is present in three-dimensional flows, if vorticity is transported away from the body surface
by convection, and subsequently vortex sheets and vortices are formed". This understanding also
corresponds to definitions given by Hummel, which were proposed in this regard [63].

On the basis of detailed experimental analyses and the respective state-of-the-art numerical
models, the investigation of three-dimensional separated flows was intensively studied from a
fundamental point of view over the last decades. In this context, theoretical approaches were also
worked out. The flow physics of the overall flow phenomenon could thereby be identified and

Figure 2.2: Nature of three-dimensional flow separation [18].
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understood to a greater extent. In particular, the interpretation of the resulting flow topology al-
ways raised the research interest, since the physical mechanisms associated with three-dimensional
separated flows can therefore be detected. Moreover, they can be linked together for both the
surface quantities and the flow field offside the surface.

Topological-Physical Interpretation

To overcome the lack of adequate theoretical concepts for the description of three-dimensional
separated flows in the early days of the analysis, specific research was conducted already from
the 1950s on. Based on initial studies by Legendre [84], important notions such as skin-friction
lines, critical points, as well as separation (or attachment) lines and surfaces were introduced
and discussed [28]. For the first time, this allowed a consistent theoretical description of the flow
field, in which three-dimensional separation effects occur. Major contributions were given in this
context, for instance, by Davey [25], Lighthill [85], Hunt [64], and Tobak and Peake [127]. Overall,
it turned out that three-dimensional separated flows can be classified by topological rules, which
are closely coupled with the critical-point theory. According to Délery [27], the application of
this theory allows to correctly interpret the surface flow patterns that constitute the imprints of
the outer flow. A rational and coherent description of the vortical system generated by three-
dimensional separation is thereby provided. Consequently, the topological considerations are a
powerful tool for specific flow field diagnostics of three-dimensional separated flows.

For the infinity number of trajectories, which are identified with the skin-friction lines along a
body surface, in general only one trajectory passes through a point on the surface. This holds
for the entire continuous vector field of skin-friction lines except for explicit singular points,
where the two wall shear stress components, namely τwx and τwz, vanish simultaneously and

Separation node NS Attachment node NA 

Focus 
Saddle 

(a) Different types of singular points.

N: Node   S: Saddle 

N’: Half-node  S’: Half-saddle 
 

Indices: 

A: Attachment       S: Separation 

(b) Singular points in the flow field and at the boundary
surface.

Figure 2.3: Singular points in a cross-section of a flow field [16, 127].
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are identically zero. Accordingly, these points define locations of separation and attachment,
respectively. Depending on the actual flow field characteristics, the singular points are of different
type and can be classified into nodes, foci, and saddles, see Figure 2.3. As summarized by Tobak
and Peake [127], they can be characterized as follows, see Figure 2.3a. At a nodal point, all of the
skin-friction lines except one (A-A) are tangential to a single line B-B. The direction of the skin-
friction lines further defines if a nodal point of separation (NS , directed inward) or a nodal point
of attachment (NA, directed outward) is present. A focus is characterized by the absence of a
common tangent line. Based on the spiral around the singular point, a focus of separation (spiral
points into it) or a focus of attachment (spiral points away from it) can be observed. Finally, a
saddle point features two particular lines, C-C and D-D, which pass through the singular point.
One is pointed inward, and the other one is pointed outward. All of the other skin-friction lines do
not reach the singular point and take directions along the two particular lines. Thereby, a corner-
flow-type pattern is present in four segregated sectors. If the singular points are adjacent to a
body surface, the nodes and saddles are furthermore transferred to half-nodes and half-saddles,
see Figure 2.3b.

As a result of the critical-point theory, different topological rules can be formulated and applied
to any flow field with three-dimensional separated flows. They connect the topography of skin-
friction lines and field streamlines based on the occurring singular points. In every relevant flow
pattern, the topological rules must be obeyed. Tobak and Peake [127] presented five different
rules, two of which are introduced in this research. The first rule concerns the skin-friction or
velocity field on a three-dimensional body and was first formulated by Davey [25] and Lighthill
[85], respectively. For the following relation, one should further mention that foci are counted as
nodes as well:

∑
N −

∑
S = 2 . (2.4)

If a two-dimensional plane cut of a three-dimensional body is considered, the topological rule
proposed by Hunt et al. [64] must further be valid:

(∑
N +

1

2

∑
N ′

)
−
(∑

S +
1

2

∑
S′
)

= −1 . (2.5)

In the present research, the topological rules are applied to resulting near-wall flow field character-
istics. This allows for the analysis and the review of the occurring leading-edge vortex separations.
In particular, the AVT-183 configuration is regarded in this context, for which the flow separation
onset associated with rounded leading-edge contours is studied. The topological interpretation of
the resulting flow fields shall help to identify the physical mechanisms of the smooth surface sep-
aration in more detail. Due to the rounded leading edges, the three-dimensional flow separation
is in general less understood than the case including sharp leading edges. Relevant parameters
that influence the overall appearance of vortical structures due to rounded leading-edge contours
are therefore discussed in the following section.
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2.3 Leading-Edge Bluntness Effects on Vortex Separation

Section 1.2 has introduced the ongoing research in the field of vortex-dominated wing configu-
rations with rounded leading edges and spanwise-varying leading-edge contours. In this section,
the underlying flow physics associated with blunt leading-edge vortex separation is captured in
greater detail from a fundamental point of view. In particular, important influence parameters
as well as the resulting effects on the flow separation onset and progression are presented.

In general, vortex-dominated wing configurations with rounded leading edges generate more
complex flow phenomena. The flow separation onset is no longer fixed at the leading edge, but
it is a function of the specific flow conditions and the wing geometry. At lower angles of attack,
attached flow is commonly observed, especially in the more inboard wing regions. Then, the
vortex separation first occurs closely to the wing tip and moves forward with increasing angle
of attack. This bears the consequence of partly-developed leading-edge vortices. Compared to
sharp-edged wing configurations, the resulting flow field thus differs considerably. Figure 2.4
exemplarily depicts these differences, as spanwise surface pressure distributions are presented in
various sectional cuts. The data refers to the Vortex Flow Experiment 1 and thus recalls the
graph of Figure 1.2. Overall, attached flow is characterized by a suction peak that is located at
the leading edge, whereas for separated vortex flow the suction peak moves inwards to the vortex
core axis. Accordingly, a fully-developed leading-edge vortex is present on the left-hand side due
to the sharp leading edge. A partly-developed leading-edge vortex, in contrast, is present on the
right-hand side due to the blunt leading-edge contour.

Figure 2.4: Leading-edge bluntness effect on vortex formation and progression [89].
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Compared to the sharp-edged case, Mach and Reynolds number effects including varying boundary-
layer characteristics are much more pronounced with rounded leading edges. In addition, the
leading-edge radius, the leading-edge sweep angle and the airfoil thickness play a designated role
on the flow separation onset and progression. Due to the comprehensive experimental data set
including Mach and Reynolds number variations, which is available for the VFE-1 delta wing con-
figuration [21, 87–90], the corresponding results are considered below. Characteristic leading-edge
bluntness effects on vortex separation are thereby introduced.

Reynolds Number Influence

The Reynolds number effect on blunt leading-edge vortex separation was summarized by Luckring,
see Figure 2.5. It is closely coupled with the occurring boundary-layer characteristics that may
differ with increasing Reynolds number, the local position on the wing, and the angle of attack.
Thereby, different flow separation onset characteristics are obtained for various Reynolds numbers.
For the lower Reynolds number of Re = 6 ·106 and the angle of attack of α = 13◦ on the left-hand
side, the sectional surface pressure distributions show attached flow up to x/cr ≈ 0.3. Then, the
leading-edge vortex formation is observed, which is due to laminar flow separation. The results for
the higher Reynolds number of Re = 60 · 106 on the right-hand side indicate attached flow up to
the region of x/cr ≈ 0.6, before vortex separation occurs based on turbulent boundary-layer flow.
Accordingly, the flow separation onset is considerably delayed with increasing Reynolds number.
In this context, Hummel introduced a schematic representation of the vortex formation along
rounded leading edges [57], which is shown in Figure 2.6. Depending on laminar, transitional or

Figure 2.5: Reynolds number effect on blunt leading-edge vortex separation [89].
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Figure 2.6: Reynolds number effect on vortex formation along
rounded leading edges [57].

turbulent boundary-layer char-
acteristics, the behavior of
the flow around the leading
edge differs from each other.
Moving downstream, one can
notice two different regions,
which are set by the transi-
tion point laminar-turbulent,
left-hand side of Figure 2.6.
In this case, the primary sep-
aration line is either located
on the upper wing surface or,
in certain regions, at the lead-
ing edge. With increasing
Reynolds number, the point
of transition at the leading

edge moves upstream, and diminishes the region of laminar flow separation (mid sketch). The
primary separation line is now completely offside the leading edge. Finally, turbulent flow sep-
aration takes place along the entire primary separation line, which is exclusively located on the
upper wing surface, right plot of Figure 2.6. If the transition laminar/turbulent reaches the wing
apex region, the flow separation onset resulting from turbulent flow separation is delayed as com-
pared with the laminar case, since the turbulent boundary layer is better suited to withstand the
adverse pressure gradients. Therefore, the region of attached flow in the apex region is larger for
the turbulent case at high Reynolds numbers than for the laminar case at low Reynolds numbers
as shown in Figure 2.5 [57]. The right plot of Figure 2.6 furthermore depicts the situation of
a smooth surface separation with consecutive vortex formation as introduced in Figure 1.7. In
particular, it shows the flow topology, which analysis is of central concern within this thesis. The
onset location of the separation line on the upper wing surface is not known so far. For this
reason, the present research focuses amongst others on this aspect, see Section 1.3. Although
low-speed W/T conditions including low Reynolds numbers are regarded only, the case of tur-
bulent flow separation is relevant for the present analysis. This is due to an appropriate flow
tripping in the W/T experiments and fully-turbulent CFD computations, see Section 2.1.

Mach Number Influence

Figure 2.7 presents the compressibility effect on blunt leading-edge vortex separation based on
experimental results of the VFE-1 delta wing configuration. In general, an increase in Mach
number can significantly influence the flow separation onset and progression. For the angle of
attack of α = 13◦ and x/cr = 0.4, well-developed vortex flow is observed atMa = 0.6, whereas the
flow separation onset just begins at Ma = 0.4. The results thereby show an upstream movement
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Figure 2.7: Mach number effect on blunt leading-edge vortex separation [89].

of the incipience of blunt leading-edge vortex separation with increasing Mach number. Moreover,
this holds for the entire angle-of-attack range. Thus, compressibility promotes blunt leading-edge
vortex separation, and the flow separation onset is shifted upstream [89]. The result is contrary to
the above discussed Reynolds number influence. If the flow separation onset characteristics with
regard to either Reynolds or Mach number variations are to be studied separately, both effects
must consequently be isolated. With respect to the results of the present thesis, this was a priori
given, since compressibility effects are not relevant to this work.

Bluntness Influence

The influence of varying leading-edge bluntness is reviewed next. In particular, the leading-edge
radius is decisive in this context. Figure 2.8 depicts Luckring’s results of the VFE-1 delta wing
configuration including three rounded leading-edge shapes [88]. The corresponding nose radii rle/c
are stated in Table 2.1. For comparison, the nose radii of the wing configurations considered in
this thesis are also provided. The plots in Figure 2.8 show the leading-edge suction levels versus
the angle of attack. Increasing suction levels at low to moderate angles of attack generally
indicate attached flow. The flow separation onset is characterized by a following pressure drop,
since the pressure minimum moves inwards to the position of the primary vortex axis. As it can
be noticed for the various chordwise sections, the flow separation onset is delayed with increasing
leading-edge bluntness to higher angles of attack and to the more downstream wing sections. The
peak pressures show a continuous trend, which is consistent to basic airfoil aerodynamics. The
larger the leading-edge radius is, the later flow separation occurs. With respect to the low-speed

23



Fundamentals

Figure 2.8: Bluntness effect on leading-edge vortex separation [88].

Figure 2.9: Bluntness and Mach number effect on leading-edge vortex separation [87].

W/T conditions and the low Reynolds numbers regarded in the present research, this clearly
shows the pronounced influence of varying leading-edge bluntness on the flow separation onset
and progression. For the two considered wing configurations of this thesis, remarkable differences
are thus expected in the leading-edge vortex formation.
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Figure 2.10: Bluntness and Reynolds number effect on leading-edge vortex separation [88].

Configuration VFE-1 VFE-1 VFE-1/2 VFE-1 AVT-183 SAGITTA
LE shape sharp round round round round round

small medium large (/sharp)
rle/c, % 0 0.05 0.15 0.30 0.23 0.99 (/0)

ϕle, deg 65 65 65 65 53 55

Table 2.1: Geometric details of wing configurations featuring rounded leading edges.

The bluntness influence on vortex separation is further dependent on varying Mach and Reynolds
number. Figure 2.9 and Figure 2.10 document this aspect. The results demonstrate that the flow
separation onset sensitivity is reduced for different leading-edge bluntness with both increasing
Mach and Reynolds numbers. In compressible flow approaching transonic conditions, the differ-
ences occurring from varying leading-edge bluntness become considerably less. With increasing
Reynolds numbers, the continuous trend as observed before is not present any longer.

Wing Planform Influence

The wing planform and especially the leading-edge sweep angle have a considerable influence on
the vortex separation and progression. If rounded leading edges are present, in particular the
existence of the different flow stages occurring for leading-edge vortices are affected. Depending on
angle of attack and leading-edge sweep, Breitsamter has classified this schematically for thin wings
[19], see Figure 2.11. Compared to the sharp-edged case, fully-attached flow is present for small
angles of attack. With decreasing leading-edge sweep, these characteristics remain at the wing up
to higher angles of attack (0). Vortex formation then occurs with increasing angle of attack, and
partly-developed leading-edge vortices occur (1). Regions of vortex-separated flow in the outboard

25



Fundamentals

Figure 2.11: Wing planform and angle-of-attack effect on
leading-edge vortex separation [19].

and attached flow in the inboard
wing sections are observed as intro-
duced above. For non-slender wing
planforms with leading-edge sweep
angles of ϕle ≤ 57◦, vortex bursting
effects immediately become relevant
subsequently (4). The intermedi-
ate flow stages of the fully-developed
and spanwise-fixed leading-edge vor-
tex, in contrast, are only reached
with higher leading-edge sweep an-
gles (2,3). Therefore, vortex burst-
ing at the trailing edge occurs with
decreasing leading-edge sweep angle
at much lower angles of attack.

With respect to the existence region of the fully-attached flow stage (0), Elsenaar et al. report
different observations due to the additional wing thickness influence [36]. During the Vortex Flow
Experiment 1, the flow separation onset characteristics were also discussed for leading-edge sweep
changes from ϕle = 65◦ to ϕle = 55◦ (rounded leading-edge contour). As an outcome of different
trends as introduced below, it turned out that the beginning vortex separation for reduced wing
sweeps occurs at lower angles of attack and moves upstream more rapidly along the leading
edge. Recent results by Boelens [9] or Hitzel et al. [55] support this observation. By way of
example, Figure 2.12 presents initial results of Boelens’ early CFD work to design the AVT-183
configuration. With decreasing leading-edge sweep angle and at constant angle of attack, one can
clearly notice the upstream movement of the flow separation onset. According to Elsenaar et al.,
this is caused by three trends. On the one hand, a smaller sweep angle reduces the normal angle
of attack αn, which delays the vortex separation. On the other hand, the normal Mach number
Man is increased, which leads to a hastened vortex separation. These trends are also stated
by Staudacher [122]. Moreover, the airfoil sections in a direction normal to the leading edge are
effectively thinner with decreasing leading-edge sweep, when the same streamwise basic airfoil
shape is present. This also favors early separation. In total, the latter two effects are dominant,
and the flow separation onset is thus promoted with reduced wing sweep. Nevertheless, vortex
bursting phenomena occur, as stated by Breitsamter, with decreased leading-edge wing sweep
shortly after at considerably lower angles of attack.

Depending on varying leading-edge wing sweep, the resulting vortex structure furthermore
differs in its occurrence. The overall strength of the leading-edge vortex and the corresponding
axial velocity distribution along the vortex core axis in downstream direction are particularly
influenced in this context. Slender wing planforms that feature a fully-developed leading-edge
vortex commonly show jet-type vortex core flow, before vortex bursting phenomena including
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(a) ϕle = 65◦. (b) ϕle = 60◦.

(c) ϕle = 55◦. (d) ϕle = 53◦.

Figure 2.12: Wing planform and relative thickness effect on leading-edge vortex separation [9].

reduced or negative axial velocities occur rapidly at high angles of attack. Non-slender wing
planforms, in contrast, often exhibit wake-type vortex core flow only, see Hitzel et al. [52, 54,
55]. The vortex strength is reduced and the flow structures occur closer to the wing surface.
With decreasing leading-edge sweep, this phenomenon is intensified, and the beginning vortex
bursting effects are not as obvious at first sight. However, they are present closely downstream
of the flow separation onset. With increasing angle of attack, the partly-developed and burst
leading-edge vortices still move further upstream, until the region of attached flow is diminished
and the maximum lift is reached. With decreasing leading-edge sweep, the angle of maximum lift
consequently decreases. Since the two diamond wing configurations considered in this research
feature leading-edge sweep angles of ϕle = 53◦ and ϕle = 55◦, see Table 2.1, this type of flow field
characteristics is thus expected in the present analysis.

Wing Thickness Influence

The last aspect to be addressed in this section pertains to the effect of airfoil thickness on
vortex-dominated wing configurations. In general, it also influences the overall strength of the
leading-edge vortex. With increasing airfoil thickness, the vortex intensity is reduced and vice
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versa. Moreover, the wing thickness is often coupled to the leading-edge radius. For basic airfoil
types such as NACA profiles, both parameters are directly linked to each other. Consequently,
an increase in airfoil thickness leads to a delayed flow separation onset and progression. In sum,
vortex separation thus occurs for thicker wings at higher angles of attack and more downstream
while it is promoted by thinner airfoils. This is valid for all vortex flow stages as shown in Figure
2.11, except for the vortex bursting phenomena, which existence region remains unchanged. As
a result, the minimum leading-edge sweep angle required for vortex separation increases with
increasing wing thickness. For non-slender wing configurations with thick airfoils, different flow
phenomena can be present, which are not of vortex type. For instance, this class of wing con-
figurations often results in irregular separated flow in the outboard wing sections, which is not
a matter of vortical flow, but belongs to a conventional leading-edge separation at the tapered
wing tip due to high local lift coefficients. These characteristics also apply to the SAGITTA con-
figuration, as early analyses document the mentioned separation behavior at moderate to higher
angles of attack up to α = 18◦ [65–67, 70].
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Chapter 3

Experimental Approach

3.1 Wind Tunnel Test Facility

The experimental analyses undertaken for this research were all conducted in the Göttingen-type
low-speed W/T facility A of the Institute of Aerodynamics and Fluid Mechanics of the Technische
Universität München (TUM-AER), see Figure 3.1. The atmospheric tunnel can be operated in
either a closed (solid wall) or an open (floor only) configuration. For the present investigations,
however, the open test section was relevant exclusively. The dimensions of the open test section
read 1.8 m x 2.4 m x 4.8 m (height x width x length). The corresponding maximum velocity is
U∞ = 65 m/s while the free stream turbulence intensity results in values less than 0.4%. The
uncertainty in the temporal and the spatial mean velocity distribution is less than 0.7%. The
uncertainty in free stream direction is below 0.2◦ and static pressure variations are below 0.4%.
Further information on the W/T facility is additionally stated in Appendix A. Overall, the
facility has, amongst others, a well-recognized capability for force and moment testing, surface
pressure measurements, and detailed flow field analyses by different approaches. With respect
to the present research, all of them were applied in the corresponding W/T investigations. The
relevant measurement techniques are therefore introduced in Section 3.4.

(a) Exterior view. (b) Schematic sketch.

Figure 3.1: W/T facility A of TUM-AER.
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3.2 Wind Tunnel Models and Test Set-Up

3.2.1 AVT-183 Diamond Wing Configuration

The AVT-183 diamond wing W/T model was constructed as a semi-span model, since the
"combined-unit flow problem" addressed in the NATO research task group required only sym-
metric flow conditions without sideslip angles [92]. It was manufactured from the aluminum alloy
Certal R©, which allows for W/T operation at cryogenic conditions as well. For the dimensioning
of the W/T model, the test section size of the low-speed W/T facility A at TUM-AER was
deciding, since the entire experimental analyses within AVT-183 were undertaken at this site
[69, 72]. The resulting wing planform parameters are summarized in Table 3.1 and Figure 3.2.
Overall, the W/T model features a root chord length of cr = 1.2 m, and the semi-span results in
s = 0.657 m. In order to mitigate influences of the W/T floor boundary layer on the semi-span
model, it is further mounted on a peniche. The corresponding height was chosen to hpen = 0.09m

(hpen/s = 13.7%), since benchmark data of the W/T floor boundary layer indicated an approx-
imate boundary layer thickness of δ99 ≈ 0.05 m at the wing-root trailing-edge coordinate of the
W/T model. Therefore, minimal influence of the W/T floor should be observed on the flow
around the W/T model.

The main components of the AVT-183 diamond wing W/T model are shown in Figure 3.3.
They consist of a main suction and pressure side shell, six leading-edge inserts, the peniche
including seal and a balance mounting adapter. The leading-edge inserts were designed for an
improved pressure instrumentation process, since most of the pressure taps are located closely

cr ct λ ϕle ϕte s Sref Λ lµ xmrp hpen

1.2 m 0 m 0 53◦ -26.5◦ 0.657 m 0.394 m 2.191 m2 0.8 m 0.491 m 0.09 m

Table 3.1: Wing planform parameters of the AVT-183 W/T model.

Figure 3.2: AVT-183 W/T model, top view xy plane.
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to the leading edge in the area of the inserts. Based on preliminary CFD analyses [10], eight
chordwise sections were defined for surface pressure measurements along the semi-span of the W/T
model. The corresponding geometry information can be obtained from Table 3.2. At x/cr ≈ 0.3

and x/cr ≈ 0.4, respectively, two measurement sections were defined close to each other, since
the flow separation onset was expected in this region for the selected low-speed W/T conditions.
In total, 145 pressure taps are located on the suction side shell, of which eight are instrumented
with unsteady Kulite sensors. For the number of pressure taps, only time-averaged steady surface
pressure measurements can be undertaken, whereas the Kulite sensors record time-accurate data
as well. The corresponding pressure taps are located in four different chordwise sections (x/cr =
[0.295, 0.405, 0.500, 0.600]), and at two spanwise locations each (y/s(x) = [0.650, 0.750]). On the
pressure side shell, 17 pressure taps are located. The peniche contains nine additional pressure
taps. All pressure taps are aligned in normal direction to the wing surface, and the diameter of
the orifices yields dpt = 0.3 mm. Figure 3.4 depicts the instrumented W/T model without the
pressure side shell and the pressure side peniche. The pressure tubes are collected within the
model and are led bundled out of the model through the W/T floor.

The W/T model itself is mounted on the W/T balance with a balance adapter, see Figure
3.3 and Figure 3.4. Hence, the aerodynamic forces and moments acting on the W/T model
can be measured with the external balance placed below the W/T test section. Between W/T
model and W/T floor, the peniche is located. As already explained above, it is incorporated
in the test set-up, since the boundary layer of the W/T floor should not affect the flow at the
diamond wing configuration itself. Between peniche and W/T model, a labyrinth seal employing
a small gap of hgap ≈ 1 mm is placed. Any connection of both components is thereby avoided.
Aerodynamic forces and moments acting on the peniche itself are thus not accounted for in the

x/cr 0.100 0.200 0.295 0.305 0.395 0.405 0.500 0.600
x, m 0.120 0.240 0.354 0.366 0.474 0.486 0.600 0.720
s(x), m 0.090 0.181 0.267 0.276 0.357 0.366 0.452 0.543

Table 3.2: Chordwise sections for surface pressure measurements at the AVT-183 W/T model.

Figure 3.3: AVT-183 W/T model components.
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Figure 3.4: AVT-183 W/T model without the
pressure side shell.

Figure 3.5: AVT-183 W/T model within the
W/T facility A of TUM-AER.

force measurements. Load checks during the W/T measurements confirmed the absence of load
transfer due to the pressure tubes. Both the leading-edge inserts and the pressure side shell
are screwed into the main suction side shell from the pressure side. Hence, the more important
suction side of the W/T model is free from any surface disturbances. The resulting test set-up of
the AVT-183 diamond wing W/T model within the open test section of the W/T facility is shown
in Figure 3.5. The flow direction is from left to right. The W/T model is placed centrically on a
turn table that allows for the angle-of-attack adjustment.

The experimental investigations of the AVT-183 diamond wing configuration were undertaken
at a Reynolds number of Re∞ = 2.7 · 106 based on the mean aerodynamic chord of lµ = 0.8 m

and a Mach number of Ma∞ = 0.15. Due to the atmospheric conditions within the W/T facility
A of TUM-AER and the slightly varying W/T blockage at different angles of attack, however,
matching of both characteristic numbers Re and Ma at once was not exactly met over time. In the
first instance, the W/T velocity was adjusted to meet the Reynolds number requirement while the
resulting differences to the target Mach number were less than 5%. Depending on temperature
and ambient pressure variations within the W/T test section, the free stream velocity of the
experiments varied between 51 m/s ≤ U∞ ≤ 55 m/s. This corresponds to a free stream Mach
number variation of 0.143 ≤ M∞ ≤ 0.157, which is noted as insignificant. For the force and the
surface pressure measurements, angles of attack between −2◦ ≤ α ≤ 20◦ were considered with an
angle-of-attack increment of ∆α = 1◦. For angles of attack of 8◦ ≤ α ≤ 16◦, the increment was
reduced to ∆α = 0.5◦. Subsequent to initial W/T experiments with free transition, target flow
conditions with a fixed transition location close to the leading edge were set based on a trip-strip
analysis, see Section 3.3.4 and Section 5.1.1. One specific trip strip was finally selected, which
was used for the subsequent flow field W/T investigations at α = 10◦ and α = 12◦, see Section
5.1.2.

3.2.2 SAGITTA Diamond Wing Configuration

The W/T model of the SAGITTA diamond wing configuration is represented by a 1:10-scaled
version of an abstract full-scale reference geometry, which was defined by Airbus Defence and
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Space for the SAGITTA research analyses [117]. It was built as an aluminum full-span model
from Certal R© and features a root chord length of cr = 1.2 m. Thus, it exhibits the same root
chord length compared to the AVT-183 W/T model. The full wing span reads b = 1.235 m.
Table 3.3 and Figure 3.6 depict the resulting wing planform parameters. Furthermore, the W/T
model allows for the study of different leading-edge contours, as the model features exchangeable
leading-edge segments. This can be noticed from Figure 3.7, in which the main components
of the SAGITTA diamond wing W/T model are introduced. Thereby, leading-edge geometry
modifications can be treated within the experimental investigations. So far, however, the leading-
edge contour of the reference configuration SG Geo 1 is available exclusively.

In addition to the leading-edge segments, the SAGITTA W/T model is composed of a main
suction and pressure side shell, two wing tips and a sting-hull shell, and five leading-edge inserts
for instrumentation purposes. All components are screwed together from the pressure side shell,
so that surface disturbances are avoided on the suction side of the W/T model. The force and
moment acquisition is accomplished by an internal six-component balance, which connects the
W/T model to a centric rear sting. A three-axis model support is used to mount the W/T model
with the rear sting in the test section, see Figure 3.8 and Figure 3.9. The angle of attack, the
sideslip angle and the roll angle of the W/T model can thus be adjusted computer-controlled. For
the surface pressure measurements, 192 pressure taps are available on the SAGITTA diamond
wing W/T model. All of them are prepared for time-averaged measurements. Every orifice is
aligned in normal direction to the wing surface and features a diameter of dpt = 0.3 mm. 160
pressure taps are located on the suction side of the right wing half in seven different chordwise

cr ct λ ϕle ϕte b Sref Λ lµ xmrp

1.2 m 0.03 m 0.025 55◦ -25◦ 1.235 m 0.759 m2 2.001 0.801 m 0.501 m

Table 3.3: Wing planform parameters of the SAGITTA W/T model.

Figure 3.6: SAGITTA W/T model, top view xy plane.
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sections (x/cr = 0.1 to x/cr = 0.7 with ∆x/cr = 0.1), see Table 3.4. Approaching the leading
edge of each section along the semi-span wing, the spacing of the pressure taps becomes closer
to get additional pressure information in the regions of interest. To study symmetry concerns
with respect to the x-y and the x-z plane, 32 additional pressure taps are further located on the
pressure side of the right wing half and the suction side of the left wing half.

The W/T tests of the SAGITTA diamond wing configuration were conducted at atmospheric
low-speed conditions with a Reynolds number of Re∞ = 2.3 ·106 based on the mean aerodynamic
chord of lµ = 0.801 m and a Mach number of Ma∞ = 0.13. With respect to the ambient
W/T conditions, the corresponding free stream velocity resulted in 44 m/s ≤ U∞ ≤ 46 m/s,
which corresponds to a free stream Mach number variation of 0.127 ≤ Ma∞ ≤ 0.133. The
determination of the aerodynamic forces and moments as well as the steady surface pressure
measurements were undertaken for angles of attack of −4◦ ≤ α ≤ 20◦ with an angle-of-attack
increment of ∆α = 1◦. The flow field measurements close to the wing surface were performed
for three different angles of attack, namely α = 12◦, α = 16◦, and α = 24◦. Overall, the W/T
measurements were executed both with free and fixed transition. Based on the outcome of the
trip-strip analysis conducted for the AVT-183 configuration, an equivalent trip strip was chosen
for the SAGITTA diamond wing W/T model, see Section 3.3.5.

x/cr 0.100 0.200 0.300 0.400 0.500 0.600 0.700
x, m 0.120 0.240 0.360 0.480 0.600 0.720 0.840
s(x), m 0.084 0.168 0.252 0.336 0.420 0.504 0.588

Table 3.4: Chordwise sections for surface pressure measurements at the SAGITTA W/T model.

Figure 3.7: SAGITTA W/T model components.
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Figure 3.8: SAGITTA W/T model without
the pressure side shell.

Figure 3.9: SAGITTA W/T model within the
W/T facility A of TUM-AER.

3.3 Wall Roughness Effects

3.3.1 General Remarks

The application of trip strips plays a major role in W/T investigations, when the fixation of the
transition from laminar to turbulent boundary-layer flow is favored. This happens, for instance,
if the Reynolds number attainable in the experiments is too small to provide realistic boundary-
layer characteristics compared to full-scale conditions of a vehicle [51]. Especially for W/T models
that are tested in the low-speed environment, a fixed trip location is thus commonly desired. A
further requirement for tripped flow at W/T models occurs, when numerical results shall be
compared to experimental data. In nowadays CFD computations, the approach employing fully-
turbulent boundary-layer characteristics is well established, especially for the Reynolds-Averaged
Navier-Stokes (RANS) equations. To survey the results obtained from both data sources with
comparable boundary-layer characteristics and according to the similarity rules, see Section 2.1,
the need for reasonably-tripped flow at low-speed W/T models further becomes obvious.

In the present research, the application of suitable trip strips was investigated in detail on the
AVT-183 configuration, since two of the main aims of the AVT-183 task group were the validation
of present CFD codes and the improvement of state-of-the-art turbulence models [92]. For this
reason, the initial W/T experiments thoroughly focused on flow tripping, and comprehensive
analyses were undertaken. Based on flow-physical relevance and repeatability issues, a specific
trip strip was finally selected for the definition of target flow conditions. They are characterized
by fully-turbulent boundary-layer characteristics on the entire W/T model surface. The chosen
trip strip was then used for the subsequent W/T flow field investigations. For the experimental
analyses relevant for the SAGITTA configuration, the outcome of the results on the AVT-183
W/T model was used as well.

Overall, trip strips including artificial roughness are known in various types. The most common
ones used in practical applications can be found in literature, see Barlow et al. [6], Elsenaar and
Russo (Section 2.3.1-2 of [1]), or Reference [26]. The location of the boundary-layer tripping
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device on the W/T model and the roughness height are decisive in this regard. The effectiveness
of the device, and the avoidance of "over-tripping", which would falsify the properties, are also
major issues of a reasonable application of trip strips, see Hirschel et al. [51]. In the experimental
analyses of the present research, two different types of trip strips were considered. On the one
hand, a so-called grit was applied, which consists of an adhesive layer and carborundum particles.
Thereby, a continuous rectangular, three-dimensional trip strip is obtained. On the other hand,
circular trip dots were used, which are placed on the W/T model surface in a row with equal
spacing. The pros and cons of each method, such as the application, the coating and repeatability
issues, are summarized for instance by Barlow et al. [6]. In recent years, both types of trip strips
were widely used in respective experimental investigations, which aimed at the generation of
high-quality data sets for comparison with numerical data. Within the scope of international
research collaborations, a carborundum grit was used for instance as flow tripping device in low-
speed W/T tests of a low-aspect-ratio wing configuration (SACCON, NATO RTO AVT-161)
[133]. Trip dots were extensively used in the transonic W/T investigations of the drag prediction
workshop series, in which a transport aircraft configuration (NASA Common Research Model
(CRM)) was considered [102].

3.3.2 Basic Principles

Along with the study of overall boundary-layer phenomena, the problem of wall roughness effects
in experimental investigations and laminar-turbulent transition has comprehensively been treated
for almost 100 years. Detailed overviews are given by Schlichting [109], Lachmann (ed.) [81]
and Tani [125]. Initiated by early experiments of Nikuradse [97] and Prandtl [128], numerous
analyses were conducted around the 1950s. More specifically, W/T investigations of the flow
along flat plates were undertaken in that time, focusing on the laminar-turbulent transition and
the accurate flow tripping. Overall, correlations of the free stream Reynolds number and the
roughness height, shape, and position of the flow tripping devices were in particular sought for.
The most important contributions are summarized and reviewed by Braslow [13] and Dryden
[32]. To date, the boundary-layer tripping methods used for experimental W/T investigations of
aeronautical applications still rely on the basic principles obtained for rather simple geometries
such as flat plates, since the theoretical treatment of realistic geometries is rather inaccessible.
For this reason, fundamental relations are reviewed for the flat plate at zero incidence and zero
pressure gradient, see Schlichting and Truckenbrodt [110, 131]. The height and position of suitable
trip strips, which were used in the present research, are thereby motivated and defined.

Figure 3.10 displays the skin-friction coefficient versus the Reynolds number for the flow along
a flat plate. The diagram shows different areas that are relevant for laminar boundary-layer flow,
and areas characterized by turbulent boundary-layer flow at hydraulically smooth and rough
walls. In addition, the case of laminar-turbulent transition is also included. The limits are
derived from experimental investigations, which led to empirical relations as stated in Equations
3.1 to 3.4. The transition region between smooth and rough walls in fully-developed turbulent
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Figure 3.10: Skin-friction coefficient versus Reynolds number on a flat plate at zero incidence and
zero pressure gradient, see Truckenbrodt [131].

Fig. 3.10, Curve (1): Cf =
1.328√
Re∞

(laminar) (3.1)

Fig. 3.10, Curve (2): Cf =
0.455

(lg ·Re∞)2.58
(turbulent, hydraulically smooth) (3.2)

Fig. 3.10, Curve (3): Cf =
0.455

(lg ·Re∞)2.58
− 1700

Re∞
(laminar-turbulent) (3.3)

Fig. 3.10, Curves k/l: Cf = 0.024 ·
(
k

l

) 1
6

(turbulent, hydraulically rough) (3.4)

Fig. 3.10, Curve (4): Limit for completely hydraulically rough wall.

boundary-layer flow is linked to the definition of the terms hydraulically smooth and rough,
respectively. In general, a wall is characterized as hydraulically smooth, if the surface roughness
ks is lower than the viscous sub-layer of the boundary layer. Hence, the permissible surface
roughness for hydraulically smooth walls is defined by

kper <
100 · ν
U∞

. (3.5)

It turns out that this value is independent on the run length and the thickness of the boundary
layer. The corresponding skin-friction coefficient is a function of the Reynolds number only, see
Equation 3.2. If the surface roughness exceeds the height of the viscous sub-layer, a transition
process is initiated and finally, the wall is referred to as hydraulically rough. In this case, the skin-
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friction coefficient is only dependent on the relative wall roughness k/l, see Equation 3.4. Beyond
the limit of curve (4) in Figure 3.10, completely hydraulically rough walls are thus present.

The minimum surface roughness, which triggers the transition from laminar to turbulent
boundary-layer flow, is defined as the critical roughness height. For smaller roughness heights, no
effects are observed on the skin-friction coefficient, since the laminar boundary layer is in general
rather insensitive to roughness effects. In this case, Equation 3.1 is relevant for the determination
of the skin-friction coefficient. For larger roughness heights, the transition to turbulent boundary-
layer flow is initiated. The skin-friction coefficient then increases significantly, see curve (3) of
Figure 3.10. The determination of the critical roughness height was studied experimentally in
numerous analyses for a long time [14, 118, 126, 134]. The measurements were comprehensively
reviewed and are documented as introduced above [13, 32, 110, 131]. Based on the final relation
proposed by Tani [126], the critical roughness height can also be formulated in dependence on
the free stream velocity and the kinematic viscosity. Thereby, a consistent description, com-
pared to the permissible roughness height, is obtained. According to Breitsamter [18], the critical
roughness height results in

kcrit = 26 · x 1
4 ·

(
ν

U∞

) 3
4

. (3.6)

In contrast to the permissible roughness height, the critical roughness height is dependent on
the run length of the boundary layer as well. This observation is of great importance for the
practical application of flow tripping devices, since the height and the position of the trip strips
to be applied correlate with each other.

When the relations of the permissible roughness height for smooth walls in turbulent boundary-
layer flow and the critical roughness height in laminar boundary-layer flow to force laminar-
turbulent transition are compared, the following ratio can be derived [18]:

kcrit
kper

= 0.26 ·Rex
1
4 =





4.6 at Rex = 105

8.2 at Rex = 106

1.0 at Rex ≈ 2.19 · 103
. (3.7)

For local Reynolds numbers of Rex > 2.19 · 103, the critical roughness height is larger than the
permissible roughness height of hydraulically smooth walls. In this relation, however, effects of
flow acceleration and pressure gradients are not considered, which are of major importance in
practical applications. In the following section, specific guidelines are therefore given.

3.3.3 Application Guidelines

The outcome of the theoretical analysis considered in the previous section is summarized. The
findings determine the application rules to be followed in experimental investigations, when lam-
inar boundary-layer characteristics shall be precluded on the W/T model surfaces by a fixed
location of the laminar-turbulent transition. One should however mention that the above rela-
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tions were derived for a flow problem without surface curvature, pressure gradient and complex
boundary-layer profile. These effects are commonly present at wing configurations and can sig-
nificantly influence the boundary-layer transition. To estimate and size the flow tripping devices
prior to the W/T investigations in the first instance, the derived relations though give a rough
indication that can be reviewed subsequently in respective experiments:

• To force transition from laminar to turbulent boundary-layer flow, local trip strips with,
at least, the height of the critical roughness height are required, see Equation 3.6. In this
context, the position of the flow-tripping devices is linked to the critical roughness height.

• Ideally, the transition excited by the critical roughness height still leads to the condition
of hydraulically smooth walls, see Equation 3.5. This requirement, however, is not met in
most cases due to high local Reynolds numbers and large critical roughness heights.

• If a hydraulically rough disturbance is already present due to the flow tripping devices, too
large roughness heights should be prevented, since the additional roughness height directly
results in more skin friction. The risk of "over-tripping" is present, which can lead to
unwanted premature separation of the flow and different aerodynamic characteristics.

With respect to the low-speed W/T investigations of this research, both the critical and the
permissible roughness height were consequently estimated based on the above defined relations.
Since the flow tripping, however, was applied closely to the wing leading edge, where the as-
sociated area is affected by flow acceleration and thus a negative pressure gradient, a modified
velocity in the denominator of Equation 3.5 and Equation 3.6 was considered for the estimates.
Under consideration of Bernoulli, the assumption of loss-free flow around the leading edge, and
surface pressure coefficient results of early CFD computations, which were run to design the
W/T experiments [10], the applied velocity for the estimates was thus assumed to be between
U∞ ≤ U∗

∞ ≤ U∞ · √1− cp,le. For the present free stream conditions of U∞ ≈ 53 m/s and
ν ≈ 1.5 · 10−5 m2/s, a laminar boundary-layer run length of x ≈ 0.01 m, and surface pres-
sure coefficients up to cp,le ≈ −5 in attached flow around the leading edge (from CFD), this
finally led to a critical roughness height estimate of 50 µm ≤ kcrit ≤ 100 µm and a permissi-
ble roughness height estimate for hydraulically smooth walls in turbulent boundary-layer flow of
10 µm ≤ kper ≤ 30 µm. For the final application on the W/T model, the decision was therefore
taken to start with the upper bound of the critical roughness height estimate as a localized surface
roughness to evoke laminar-turbulent transition, see Section 3.3.4.

3.3.4 Trip Strips at the AVT-183 Diamond Wing Configuration

Figure 3.11 shows a summary of the resulting trip-strip cases applied on the AVT-183 W/T
model. Overall, one should bear in mind that the initial estimations as introduced above only
gave first indications, but could not directly be transferred to the application on the diamond
wing configuration with rounded leading-edge contour. For the carborundum grit type, different
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adhesive layers and roughness heights were studied, see Figure 3.11c to Figure 3.11f. Due to the
thickness of the adhesive layer, it turned out that even the upper bound of the estimated critical
roughness height was hardly achievable. In one case, the adhesive layer was thereby used without
additional carborundum particles, see Figure 3.11a. Consequently, the natural roughness of the
double-sided adhesive layer was left only, and this case defines the lowest roughness height that
was possible in the present experimental investigations. The second type of trip strip, namely
the trip dots, was only applied with one roughness height, see Figure 3.11b. This test case was
not studied in the same W/T entry as the carborundum grit test cases. Therefore, the outcome
of the initial W/T investigations applying the carborundum grit was already known.

The geometric properties of each test case are documented in Table 3.5 and Figure 3.12. On the
left-hand side, an overview of the trip-strip application at the leading edge is given. Overall, the
trip strips were applied on both the upper and the lower wing surface. The carborundum grit was
attached around the leading edge up to larc,cg/lµ = 1.5% along the arc length on both sides of the
wing. Figure 3.12a further highlights the composition of the adhesive layer and the carborundum
grit. For the trip-dot test case, the leading edge was not coated, but the trip dots were located
slightly downstream of the leading edge (larc,td/lµ = 0.875%), see Figure 3.12c. The position was
the result of several pre-tests, in which the chosen trip-strip height was tested at several trip-dot
locations aft of the leading edge. In each case, the trip-dot diameter was dtd = 1.27 mm, and
the spacing along the leading edge in spanwise direction was constant with lspa,td/dtd = 50%.
Since the adhesive layer and the roughness height are realized in one piece when using the trip

(a) Case W/T Forced Transition
110mu (adhesive layer only).

(b) Case W/T Forced Transition
150mu Dots (trip dots).

(c) Case W/T Forced Transition
160mu (carborundum grit).

(d) Case W/T Forced Transition
190mu (carborundum grit).

(e) Case W/T Forced Transition
200mu (carborundum grit).

(f) Case W/T Forced Transition
550mu (carborundum grit).

Figure 3.11: Summary of the applied trip strips at the AVT-183 W/T model.
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dots, only one component was present. Due to a special tape with integrated surface roughness,
this was however also valid for the carborundum grit case with the highest roughness height of
ks = 550 µm, see Table 3.5. In all other carborundum grit cases, the double-sided adhesive layer
was used and the carborundum particles were manually distributed on the tape, see Figure 3.12a.

Test case Height of adhesive Roughness height Total height
had, m ks, m had + ks, m

W/T Forced Transition 110mu 0.11 · 10−3 / 0.11 · 10−3

W/T Forced Transition 150mu Dots / 0.15 · 10−3 0.15 · 10−3

W/T Forced Transition 160mu 0.12 · 10−3 0.04 · 10−3 0.16 · 10−3

W/T Forced Transition 190mu 0.11 · 10−3 0.08 · 10−3 0.19 · 10−3

W/T Forced Transition 200mu 0.12 · 10−3 0.08 · 10−3 0.20 · 10−3

W/T Forced Transition 550mu / 0.55 · 10−3 0.55 · 10−3

Table 3.5: Geometric properties of the applied trip strips at the AVT-183 W/T model.

(a) Carborundum grit type, overview. (b) Carborundum grit type, detail
view.

(c) Trip-dot type, overview. (d) Trip-dot type, detail view.

Figure 3.12: Geometric properties of the applied trip strips at the AVT-183 W/T model.
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On the right-hand side of Figure 3.12, schematic streamlines are shown around the leading edge
with present angle of attack for both types of trip strips. With regard to the flow separation onset
to be studied on the AVT-183 W/T model, turbulent boundary-layer characteristics were already
desired for the flow around the leading edge. For this reason, the flow was initially tripped at
the lower wing surface. The dividing streamline on the pressure side of the airfoil, where the
flow splits into the suction and the pressure side flow, moves in general further downstream with
increasing angle of attack. Assuming this streamline is located downstream of the end of the
trip strip, the flow around the leading edge is already exposed to the roughness height, applied
on the lower surface. Then, the laminar-turbulent transition is initiated right before the air
flows around the leading edge. The inspection of skin-friction lines in preliminary CFD analyses
supported this assumption [10]. In the case of the carborundum grit, this results in a forward
and a backward facing step, and the leading-edge radius is slightly changed, see Figure 3.12b.
With increasing roughness heights, the leading-edge radius increases, and undesired premature
flow separation characteristics are maybe present. For the trip-dot case, the original leading-edge
shape is maintained in contrast, which is considered favorable. The ratio of the trip-dot height
and location, however, is decisive in this regard. With respect to the only available trip-dot height
in this analysis, a too aft trip-dot location could not trip the flow and no differences to the case
W/T Free Transition were found. In case of a trip-dot location very close to the leading edge,
undesired premature flow separation characteristics were obtained. Due to clarity reasons, only
the final layout as introduced in Figure 3.12c is therefore considered in this thesis. Moreover,
the initial pre-tests further gave evidence that the flow separation characteristics are mainly
influenced by the trip dots on the lower side. Compared to the final test set-up, the application
of the trip dots on the lower side alone already indicated a dominant role with respect to the
vortical flow separation on the upper wing surface. Thereby, the assumptions made in Figure
3.12d are further proven.

3.3.5 Trip Strips at the SAGITTA Diamond Wing Configuration

Figure 3.13: Trip strips at the SAGITTA
W/T model.

The trip strips applied in the W/T investigations
of the SAGITTA configuration were selected based
on the trip-strip analysis, which was conducted for
the AVT-183 W/T model, see Section 3.3.4 and
Section 5.1.1. Based on these results, trip dots
were used exclusively for the flow tripping, see
Figure 3.13. Compared to the application on the
AVT-183 W/T model, the same roughness height
with ks = 150 µm was chosen. The position aft
of the leading edge and the spanwise spacing were
furthermore equal. Therefore, the sketch as shown
in Figure 3.12c with its geometry parameters is
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also valid for the SAGITTA configuration. The trip dots were applied on both the upper and the
lower wing surface, and on the right and the left side of the diamond wing configuration. For the
measurements with fixed transition location, turbulent boundary-layer characteristics were thus
assured on the entire SAGITTA W/T model.

3.4 Measurement Techniques

3.4.1 Force Measurements

AVT-183 Diamond Wing Configuration

To obtain the aerodynamic coefficients of the AVT-183 diamond wing configuration, the forces
and moments were measured with an external six-component balance of piezo-electric stain-gauge
type, which is located below the W/T test section. The balance is designed to sustain maximum
loads of 1500 N, 3000 N, and 3000 N for axial, lateral and normal forces, respectively (general W/T
coordinate system). The maximum sustainable moments read 700 Nm, 500 Nm, and 700 Nm for
rolling, pitching, and yawing moments, respectively. As already described in Section 3.2.1, the
forces acting on the peniche were not considered by the W/T balance in the present test set-up.
Thus, the measured values are directly linked to the loads acting on the diamond wing surface.
For every measured data point, the forces and moments were time-averaged over a measurement
time of tmeas = 20 s. Based on the occurring loads in the present experimental analyses, the
accuracy of the external W/T balance in the aerodynamic coefficients of the longitudinal motion
reads ∆CD = ±0.0003, ∆CL = ±0.0011 and ∆Cmy = ±0.0002.

Since the pitching-moment reference point of the W/T balance does not coincide with the
desired pitching-moment reference point of the AVT-183 W/T model located at the geometric

Uλ 

xmrp,Balance 

xmrp,Model 

X 

Z 

Y 

My,M 

Fx,M 
 

Fz,M 
 

Moment reference 

point of the W/T model 

CD 
 

CL 
 

Moment reference 

point of the balance 

Cmy 
 

Figure 3.14: Determination of the aerodynamic coefficients at the
AVT-183 W/T model.

neutral point of the diamond
wing (xModel

mrp = 0.491 m),
the measured pitching mo-
ment must further be altered.
Together with the reference
quantities displayed in Ta-
ble 3.1, the pitching-moment
reference point of the W/T
balance (xBalance

mrp = 0.6 m)
and Figure 3.14, the aerody-
namic force and moment co-
efficients related to the lon-
gitudinal motion can be de-
rived from
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CD =
Fx,M · cosα+ Fz,M · sinα

1
2 · ρ · U∞2 · Sref

, (3.8)

CL =
−Fx,M · sinα+ Fz,M · cosα

1
2 · ρ · U∞2 · Sref

, (3.9)

Cmy =
My,M − Fz,M · (xBalance

mrp − xModel
mrp )

1
2 · ρ · U∞2 · Sref · lµ

. (3.10)

SAGITTA Diamond Wing Configuration

The application of an internal six-component balance in the SAGITTA W/T model to determine
the aerodynamic coefficients has already been introduced in Section 3.2.2. The maximum allow-
able loads are 900 N, 450 N, and 2500 N for axial, lateral and normal forces, respectively (model-
fixed coordinate system). The maximum sustainable moments read 120 Nm, 160 Nm, and 120 Nm
for rolling, pitching, and yawing moments [15]. For the data acquisition, a measurement time of
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 Fy,M 
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Moment reference 

point of the W/T model 
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CY 

CL 
 

Moment reference 

point of the balance 

Figure 3.15: Determination of the aerodynamic coefficients at the
SAGITTA W/T model.

tmeas = 20 s was cho-
sen with a sampling rate of
fmeas = 1200 Hz. The
results of the aerodynamic
coefficients presented in this
research are however time-
averaged values only. The ac-
curacy of the internal W/T
balance in the aerodynamic
coefficients of the longitu-
dinal motion reads for the
present test set-up ∆CD =

±0.0011, ∆CL = ±0.0028

and ∆Cmy = ±0.0003.
The internal balance measures the forces and moments in a right-hand-oriented model-fixed co-
ordinate system (index M) as displayed in Figure 3.15. For the determination of the aerodynamic
coefficients, the transformation matrix

TAM =




cosα · cosβ − sinβ sinα · cosβ
cosα · sinβ cosβ sinα · sinβ
− sinα 0 cosα


 (3.11)

was used. With the common definition of the drag coefficient pointing downstream and the lift
coefficient pointing upwards, the aerodynamic force coefficients read, in consideration of Table
3.3, in the wind-fixed coordinate system (no index or index A, respectively)
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1
1
2 · ρ · U∞2 · Sref

·TAM ·




−Fx,M

Fy,M

−Fz,M


 . (3.12)

The aerodynamic moment coefficients are calculated according to the model-fixed coordinate
system (index M). Additional force terms have to be considered, since there is a difference in
the moment reference points of the W/T balance (xBalance

mrp = 0.687 m) and the W/T model
(xModel

mrp = 0.501 m, see Table 3.3):
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 . (3.13)

For zero sideslip angle, the pitching moment can also be expressed in the wind-fixed coordinate
system (no index or index A, respectively) as

Cmy = Cmy,M , ∀ β = 0 . (3.14)

3.4.2 Surface Pressure Measurements

The time-averaged surface pressure measurements were conducted with three electronic pressure
scanning modules (Scanivalve ZOC33), which were located below the W/T test section for the
AVT-183 W/T model and within the W/T model for the SAGITTA configuration. The sampling
rate applied to each W/T measurement run and pressure tap was set to fmeas = 200 Hz with
an averaging time of tmeas = 10 s. The corresponding measurement accuracy of the system
reads with respect to the resulting flow field for the AVT-183 configuration ∆cp = ±0.007 and
for the SAGITTA configuration ∆cp = ±0.013, respectively. These values represent the aver-
aged deviation over all pressure taps and considered angles of attack for selected repeatability
measurements. Based on the definition of the surface pressure coefficient

cp(t) =
p(t)− p∞
1
2 · ρ · U∞2 , (3.15)

the corresponding time-averaged pressure coefficient cp is defined as follows:

cp =
1

tmeas
·
tmeas∫

0

cp(t)dt . (3.16)
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The time-dependent surface pressure measurements were carried out with Kulite pressure trans-
ducers (XCS-093 series). For the AVT-183 configuration, eight pressure taps are equipped with
unsteady pressure sensors, see Section 3.2.1. The SAGITTA W/T model does not feature any
time-accurate pressure sensors. The time-dependent measurements were performed with a sam-
pling rate of fmeas = 4000 Hz and a measurement time of tmeas = 20 s. The frequency of the
applied analog low-pass filter was set to flpf = 1000 Hz. The fluctuating pressure coefficient in
general reads

c′p(t) = cp(t)− cp . (3.17)

Accordingly, the mean square value of the fluctuating pressure coefficient can be written as

c′p
2 =

1

tmeas
·
tmeas∫

0

[cp(t)− cp]
2 dt . (3.18)

The root mean square value thus results in

cp,rms =

√
c′p

2 . (3.19)

To study the characteristics of the pressure coefficient fluctuation intensity, spectral analyses are
applied. The fluctuation part c′p(t) is Fourier transformed based on the relation

Xc′p (ω) = lim
tmeas→∞

tmeas∫

0

c′p(t) · e−iωtdt . (3.20)

The multiplication of the Fourier-transformed quantityXc′p (ω) with its conjugated complex quan-
tity X∗

c′p
(ω) leads to the one-sided power spectral density function

Sc′p (ω) = lim
tmeas→∞

2

tmeas
·X∗

c′p
(ω) ·XT

c′p
(ω) . (3.21)

3.4.3 Stereo Particle Image Velocimetry

The Stereo Particle Image Velocimetry (Stereo PIV) was applied to obtain the near-wall flow field
characteristics of the regarded configurations in different chordwise sections. Due to the diverse
layouts of the AVT-183 and the SAGITTA W/T models (semi-span versus full-span model),
different measurement set-ups had to be chosen for the flow field analyses close to the wing
surfaces. To improve and optimize the applied Stereo PIV set-ups, valuable information gathered
from former studies dealing with Stereo PIV measurements of swept wing configurations was used
[42, 43, 80, 105]. Figure 3.16 introduces an overview of the final Stereo PIV set-ups for each W/T
model. The experiments with the SAGITTA W/T model used a standard approach with the PIV
measurement components located next to the open W/T test section, see Figure 3.16b. A three-
axis traversing system allows for the exact positioning of the laser sheet and the corresponding
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measurement field of view. For the semi-span AVT-183 W/T model, a revised arrangement of the
PIV measurement components was realized within the W/T facility A of TUM-AER, see Figure
3.16a. All relevant components were located above the open W/T test section, but they could
nevertheless move on a three-axis traversing system that is mounted close to the ceiling of the
W/T facility.

For the laser light sheet generation, a double-pulsed Nd:Yag laser with a maximum power of
E = 325 mJ per pulse was used. The associated wave length reads ψ = 532 nm, appearing in
visible green light. The measurement field of view was defined by a laser sheet optic (cylindrical
lens), which converts the laser beam to a sheet and aligns the resulting laser sheet normally to
the chord line of the diamond wing surfaces. Up- and downstream of the laser sheet optics, two
high-speed sCMOS cameras with a resolution of 2560 x 2160 pixels were placed. In the present
measurement set-ups, NIKON objective lenses with a focal length of F = 135 mm were used.
The application of two cameras allows for the simultaneous measurement of all three velocity
components in the measurement field of view (Stereo PIV, 2D-3C). Furthermore, Scheimpflug
adapters were mounted between the sCMOS sensor plane and the lens to account for tilting the
sCMOS sensor plane with respect to the off-axis camera [101]. In order to minimize reflections
of the laser sheet on the W/T models seen by the cameras, the relative position of the up-
and downstream cameras and the laser sheet optics was aligned with the angle of attack of the
diamond wing configurations, see Figure 3.17a and Figure 3.17b. Thus, the optical axes of the
cameras were almost tangential to the wing surfaces, respectively. Moreover, the W/T models
did not need coating in the applied Stereo PIV measurement set-ups for minimizing reflections.
In case of the AVT-183 W/T model, the floor of the open W/T test section was covered with an
orange laminate, since it considerably minimized the reflections of the W/T floor. Thus, the flow
field measurements were still feasible in the vicinity of the W/T model surfaces.

When it comes to the actual measurements, seeding particles with an approximate size of
dpar ≈ 1 µm are intermixed with the air in the W/T test section. At two instants (∆t = 10 ns

Z 

X Y 

Nd:Yag laser and 

power supply units sCMOS camera 2 

sCMOS camera 1 

Traversing system 

(a) AVT-183 W/T model.

sCMOS camera 2 

sCMOS camera 1 

Nd:Yag laser 

Laser sheet optic 

Traversing system 

Power supply units & PC  
X Y 

Z 

(b) SAGITTA W/T model.

Figure 3.16: Overview of the applied Stereo PIV set-ups within the W/T facility A of TUM-AER.
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(a) AVT-183 W/T model. (b) SAGITTA W/T model.

Figure 3.17: Position of the laser sheet optic and the sCMOS cameras in relation to the diamond
wing configurations.

Main algorithm Stereo cross-correlation with image deformation
Iteration options Multi-pass, decreasing size, 4 passes
Size of final interrogation window 32 x 32 pixel
Overlapping 0%

Table 3.6: Post-processing parameters of the Stereo PIV measurements.

for the AVT-183 investigations and ∆t = 12 ns for the SAGITTA investigations, respectively),
the double-pulsed laser illuminates the shaded W/T facility and the sCMOS cameras each record
two raw images. Based on the relative movement of the particles between the two instants, the
velocity components are calculated by mathematical and statistical methods [101]. The main
evaluation parameters used within the post-processing of the current raw data are stated in
Table 3.6. For one W/T run and per measurement slice, 400 sequences were each recorded with
a sampling frequency of fmeas = 15 Hz. Based on the post-processing, the velocity components
were thus derived. The corresponding equations for the further analysis are stated in Section
3.4.4. Within the Stereo PIV measurements, the calibration of the entire optical set-up was
crucial for the overall quality of the results. According to Stanislas et al., typical precisions
of the determined displacements for a proper calibration read around 0.1 to 0.3 pixels for each
camera image [121]. This was nearly achieved with the present Stereo PIV measurement set-ups.
Subsequently, the resulting velocity uncertainty was estimated at 2% with respect to the free
stream velocity for the three components, respectively. Overall, the Stereo PIV measurements
were conducted on the AVT-183 W/T model in 13 chordwise sections. Beginning at x/cr = 0.1,
the measurement slices extended with an interval of ∆x/cr = 0.05 to the chordwise section of
x/cr = 0.6. At x/cr ≈ 0.3 and x/cr ≈ 0.4, the sections were chosen in line with the available
pressure tap sections. On the SAGITTA W/T model, selected chordwise sections were measured
from x/cr = 0.2 to x/cr = 0.7 with an interval of ∆x/cr = 0.05. Information on the resulting
vector fields can be obtained from Table 3.7 and Table 3.8.
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Final field of view 220 mm to 280 mm x 200 mm
Number of vectors per slice ≈ 4500 to 6500
Spatial resolution 3 mm x 3 mm

Table 3.7: Velocity field information of the Stereo PIV measurements, AVT-183 W/T model.

Final field of view 600 mm x 155 mm
Number of vectors per slice ≈ 6500
Spatial resolution 3.7 mm x 3.7 mm

Table 3.8: Velocity field information of the Stereo PIV measurements, SAGITTA W/T model.

3.4.4 Hot-Wire Anemometry

XM 

YM 

ZM 

Cross-wire probe 

Traversing system 

Figure 3.18: Overview of the applied hot-wire set-up within the
W/T facility A of TUM-AER.

For a better quantification of
the near-wall fluctuating quan-
tities with respect to the tempo-
ral resolution, hot-wire (HWA)
measurements were addition-
ally undertaken for the AVT-
183 W/T model, see Figure
3.18. The measurements were
guided by numerous previous
W/T investigations with hot-
wire probes at TUM-AER [17,
20, 42, 43]. For the near-wall
flow field in the vicinity of
the AVT-183 diamond wing
W/T model, cross-wire probes
consisting of 5 µm diameter
platinum-plated tungsten wires were used with a three-axis traversing system. Based on the
assumption that the best angular resolution is obtained with pairs of perpendicular wires, the
corresponding sensor angle was limited to 45◦. As summarized by Furman and Breitsamter [43],
the use of cross-wire probes generally assumes some knowledge of the flow field, such as a known
flow direction to which the probe must be aligned. To determine the three velocity components,
the probe had to be rotated around its axis by 90◦ to adjust the wire plane once horizontally and
once vertically against the main flow direction. Hence, two triggered W/T runs were necessary
to obtain the entire velocity information.

The probes were operated by a multi-channel constant-temperature anemometer (CTA) system.
By means of its signal conditioner modules, the bridge output voltages were low-pass filtered
(3rd order, butterworth type) at flpf = 1000 Hz before digitization for optimal signal level. The
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measurement time applied reads tmeas = 6.4 s and the sampling rate was set to fmeas = 3000 Hz,
resulting in 19200 values for each measured time series. Based on look-up tables derived from
a calibration of the cross-wire probe over a defined velocity and flow angle range, the hot-wire
voltages were processed to evaluate the time-dependent velocity components. Prior to processing,
the voltage signals were additionally corrected for varying temperature conditions within the
W/T test facility. The hot-wire measurements relevant for this research were conducted in three
chordwise sections of the AVT-183 W/T model, namely at x/cr = [0.405, 0.500, 0.600]. The
spatial resolution was chosen to be ∆y = ∆z = 5 mm, which led to vector fields up to 315
measurement points. With respect to statistical accuracy of the calculated quantities, random
error calculations resulted in accuracies of 0.5%, 2%, and 3.5% for the mean deviation, the
standard deviation and spectral density estimation, respectively.

The velocity components and the derived quantities of the Stereo PIV and HWA measurements
are discussed in the course of this research in a right-hand-oriented model-fixed coordinate system.
It has been introduced in Figure 3.2 and Figure 3.6 for the wing planforms of the regarded
W/T models. The x-coordinate points downstream from the leading to the trailing edge, the
y-coordinate points from the root chord to the tip chord section, and the z-coordinate points
in normal direction to the wing surface. Figure 3.18 recalls the three axes again, since their
orientations are deciding for the determination of the velocity components. For the Stereo PIV
measurements, the desired coordinate system was instantly met by the orientation of the laser
light sheet, which was aligned normally to the wing surface. In case of the HWA measurements,
however, the corresponding raw data must first be transformed, since the hot-wire probe measured
the velocity in the wind-fixed W/T coordinate system.

Accounting for these issues, the mean velocity components ui are then derived from the time-
dependent velocity components of each Stereo PIV and HWA W/T run, respectively. They are
converted into a non-dimensional value by

ui
U∞

=
1

tmeas
·
tmeas∫

0

ui(t)

U∞
dt . (3.22)

The corresponding mean axial vorticity component ωx results in non-dimensional form in

ωx · lµ
U∞

=

(
dw

dy
− dv

dz

)
· lµ
U∞

, (3.23)

and the non-dimensional absolute velocity reads

V

U∞
=

√
u2 + v2 + w2

U∞2 . (3.24)

For the derivation of the turbulent flow field characteristics, the fluctuation part of the velocity
components is each described by
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u′i(t) = ui(t)− ui . (3.25)

Accordingly, the mean square value of the velocity fluctuations therefore is

u′i
2 =

1

tmeas
·
tmeas∫

0

[ui(t)− ui]
2 dt . (3.26)

The root mean square value, defined again as a non-dimensional value, results in

ui,rms

U∞
=

√
u′i

2

U∞
. (3.27)

Finally, the equation for the turbulent kinetic energy k is given in non-dimensional form by

k =
urms

2 + vrms
2 + wrms

2

2 · U∞2 . (3.28)

For spectral analyses, the fluctuation part of the velocity components u′i(t) is Fourier transformed
based on the relation

Xu′
i
(ω) = lim

tmeas→∞

tmeas∫

0

u′i(t) · e−iωtdt . (3.29)

The multiplication of the Fourier-transformed quantityXu′
i
(ω) with its conjugated complex quan-

tity X∗
u′
i
(ω) then leads to the one-sided power spectral density function

Su′
i
(ω) = lim

tmeas→∞
2

tmeas
·X∗

u′
i
(ω) ·XT

u′
i
(ω) . (3.30)
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Chapter 4

Numerical Approach

4.1 Geometry Models

The numerical analyses were all conducted for the W/T model sizes of the AVT-183 configuration
and the SAGITTA configuration as introduced in Section 3.2. The outer shells that were relevant
for the manufacturing of the W/T models thus served as source data for the grid generation
process, see Section 4.2.1. Prior, however, the numerical geometry models were slightly adopted
to account for specific requirements of the numerical investigations. In general, the pressure tap
holes were not included in the CFD analyses.

The numerical geometry model of the AVT-183 configuration differs from the W/T model
only in the wing tip section and the transition from the peniche to the semi-span wing. For
an improved grid generation process at the wing tip, the taper ratio was altered to λ = 0.02.
Therefore, the semi-span was reduced by 2%. Since the flow was expected to separate at the
wing tip with λ = 0 at very low angles of attack, this modification is justifiable. Furthermore,
the gap between the peniche and the semi-span wing was not considered. The computed forces
and moments, however, were evaluated for the semi-span wing surface only. In all other respects,
the numerical geometry model equals the W/T model as presented in Figure 3.2 and Table 3.1.

For the SAGITTA configuration, a semi-span wing was regarded as well to define the numerical
geometry model. Table 3.3 and Figure 3.6 depict the corresponding reference data of the full-span
W/T model. The rear sting mount of the W/T model as shown in Figure 3.9 was additionally
considered for the CFD analyses, see Figure 4.1. Previous investigations of vortex-dominated
wing configurations showed that the consideration of the sting is significant, when numerical
results are compared to experimental data [39, 114, 115]. In particular, the pitching moment and
the aerodynamic coefficients of the lateral motion can be influenced. The sting was modeled up to
one root chord length downstream of the root chord trailing-edge coordinate, which is supposed
to be appropriate for the numerical analyses. The further sting support of the SAGITTA W/T
model was not considered in the numerical geometry model, but the sting was rounded with a
hemisphere. To avoid discontinuities, the sting-hull radius of the W/T model was used for the
modeled sting. Similar to the strategy followed for the peniche on the AVT-183 configuration,
the gap between the sting hull at the wing surface and the sting itself was closed. The force
and moment contribution of the sting is however not respected in the aerodynamic coefficients of
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Figure 4.1: Numerical geometry model of the SAGITTA configuration.

the present results. According to the leading-edge contour modifications as introduced in Figure
1.10, the leading-edge shape was finally adjusted for the different configurations to be studied.
Altogether, this led to the basis for the grid generation process of the SAGITTA configuration.

4.2 Computational Grids

4.2.1 Grid Generation Process

The numerical investigations of this study rely on hybrid grids, which were generated with the
commercial grid generation software CENTAUR by CentaurSoft1. For a variety of engineering
problems, it produces high-quality grids in a robust and automatic way for even the most complex
geometries. CENTAUR offers multiple types of computational elements and grid generation tech-
niques to obtain hybrid grids with minimum user interaction. In this context, Melber-Wilkending
et al. provide a detailed introduction to the software package [95]. For aeronautical applications,
the meshing philosophy is as follows: Based on an unstructured surface grid consisting of trian-
gles and quadrilaterals, semi-structured elements of prismatic and hexahedral type are used close
to the surfaces in the boundary-layer region of the geometry. Elsewhere in the computational
domain up to the far-field boundaries, tetrahedral elements are used. For the transition from
prisms to tetrahedrons, pyramidal elements are further introduced to the hybrid grid.

This meshing philosophy was also followed for the grid generation process of both diamond
wing configurations regarded in this thesis. By way of example, Figure 4.2a depicts a break-up
for one resulting grid of the AVT-183 configuration. Thereby, the grid generation approach is
further introduced. To better resolve the occurring vortex structures close to the diamond wing
surfaces, the prism grids were further extended on the upper wing side in normal direction, see
Figure 4.2c. The transition from hexahedral to tetrahedral elements is thereby shifted out of the
vortex flow phenomena, which are thus resolved completely within the semi-structured domain of
the overall grid. The tetrahedral elements were additionally refined above and behind the wing
configurations, see Figure 4.2a and Figure 4.2b. The overall tetrahedral grid then extends to the
far-field boundaries located at 30 aerodynamic reference lengths lµ away from the geometry, see
Figure 4.2b. The limiting far-field boundaries are characterized by a half sphere. Overall, the

1https://www.centaursoft.com, retrieved February 2016
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(a) Overall break-up of the different grid types.

(b) Overall domain size. (c) Close-up of the leading-edge section.

Figure 4.2: Hybrid grid of the AVT-183 configuration.

resulting grids are thus suited for polar computations with varying angle of attack, for which the
occurring vortex structures are captured and resolved.

With respect to grid sensitivity, different resolutions of the hybrid grids were realized for both
diamond wing configurations. Details are given in Section 4.2.2. In the following, key parameters
that were altered for the different grid resolutions are briefly discussed. Comparable studies
of similar vortex-dominated, low-aspect-ratio wing configurations showed that the surface grid
should considerably be refined in the leading-edge region [12, 112, 113]. Especially for the accurate
prediction of the flow separation onset associated with rounded leading-edge contours, the grid
resolution chosen at the leading edge is crucial. Figure 4.2c exemplarily presents the applied
leading-edge refinement for one resulting grid of the AVT-183 configuration. Moreover, a target
y+ value of y+max = 1 was requested to resolve the viscous sublayer. It characterizes the non-
dimensional wall distance and is defined by

55



Numerical Approach

y+ =

√
ρwτw

µw
· y . (4.1)

The initial prism layer thickness, the cell stretching factor applied in normal direction to the
wing, and the overall height of the prism grid were accordingly of great importance for the grid
generation process. The boundary layer close to the wing surfaces and the near-wall vortex flow
phenomena are thus accurately resolved. Finally, the size of the tetrahedral elements adjacent to
the prism grid was of high relevance. Depending on the tetrahedral grid refinement, vortex flow
phenomena occurring outside the semi-structured prism layers and the wake vortices behind the
wing are thereby captured with varying accuracy.

Figure 4.3 shows one of the resulting grids associated with the SAGITTA configuration. As
introduced in Section 4.1, the grid generation process first was based on the semi-span wing
configuration only. In case of numerical analyses related to the longitudinal motion, this approach

(a) Overall break-up of the different grid types.

(b) Close-up of the leading-edge section. (c) Full-span wing configuration.

Figure 4.3: Hybrid grid of the SAGITTA configuration.
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is sufficient and the computational domain is limited by the plane of symmetry, see Figure 4.3a.
For numerical investigations with present sideslip angle, the generated grid was mirrored to
obtain a full-span wing configuration, see Figure 4.3c. The far-field domain boundaries are then
given by a sphere. Following this approach, a fully-symmetric grid is ensured on both semi-span
wing surfaces. This is of great importance for numerical computations with unstructured grids.
Former investigations with non-symmetric unstructured grids showed, even for computations in
the longitudinal motion, asymmetric flow phenomena such as varying flow separation onset and
progression or different vortex bursting locations, which obviously were induced by the grids [9].

4.2.2 Resulting Grids

Table 4.1 and Table 4.2 present the overall grid sizes and the key parameters of the grids that were
generated for the AVT-183 configuration and the SAGITTA configuration (reference configuration
SG Geo 1). With respect to the applied parameters, a consistent approach was ensured. Due to
minor concerns, the boundary-layer resolving cells are slightly different for both diamond wing
configurations. The total prism grid height on the upper wing surface, however, is equal in both
cases.

To show the convergence in the resulting aerodynamic coefficients and to validate the numerical
method, three different grid resolutions were each provided. The results of the corresponding grid
resolution studies are presented in Section 5.2.1 and Section 6.1.1. In case of the SAGITTA con-
figuration, further grids were relevant due to the investigated leading-edge contour modifications.
Table 4.3 specifies the corresponding grids for all considered configurations. The medium grid of
the reference configuration SG Geo 1 was chosen as basis for the subsequent configurations with
modified leading-edge contours. Due to the small geometry changes in the leading-edge sections,
the overall grid sizes do not vary remarkably, and comparable grids were therefore obtained.

Coarse Grid Medium Grid Fine Grid
Total number of grid points, 106 5.4 15.4 27.1
Total number of grid elements, 106 14.5 47.0 98.2

Leading-edge surface spacing, mm 0.5 0.25 0.25
Wing surface spacing, mm 6 3 2
Tetrahedral spacing in the wing region, mm 6 3 2

Initial wall-normal spacing, mm 0.003 0.003 0.003
BL resolving layers 32 32 32
BL stretching ratio 1.25 1.25 1.25
LE vortex resolving layers 52 52 52
Max. height of prism layer, mm 67 67 67

Table 4.1: Grid parameters of the computational grids, AVT-183 configuration.
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Coarse Grid Medium Grid Fine Grid
Total number of grid points, 106 4.8 13.8 25.0
Total number of grid elements, 106 13.1 43.8 96.1

Leading-edge surface spacing, mm 0.5 0.25 0.25
Wing surface spacing, mm 6 3 2
Tetrahedral spacing in the wing region, mm 6 3 2

Initial wall-normal spacing, mm 0.003 0.003 0.003
BL resolving layers 34 34 34
BL stretching ratio 1.25 1.25 1.25
LE vortex resolving layers 52 52 52
Max. height of prism layer, mm 67 67 67

Table 4.2: Grid parameters of the computational grids, SAGITTA configuration.

SG Geo 1 SG Geo 2 SG Geo 3 SG Geo 4 SG Geo 5 SG Geo 6
Grid points, 106 13.8 13.8 13.8 13.8 13.8 13.8
Grid elements, 106 43.8 43.8 43.9 43.6 44.0 43.6

Table 4.3: Grid sizes of the computational grids, SAGITTA configuration.

4.3 Flow Solver

This section gives an overview of the flow solver used for the CFD analyses. First of all, fun-
damental relations are given to define the governing equations that are relevant for the present
numerical investigations. The applied flow solver is introduced subsequently, namely the DLR
TAU-Code. In particular, the main characteristics and features of the code are briefly summa-
rized. Finally, the numerical set-up applied to the CFD analyses of both regarded diamond wing
configurations is presented. A summary of the considered simulation cases is provided as well in
this context.

4.3.1 Governing Equations

Navier-Stokes Equations

A viscous compressible flow is described in general by the Navier-Stokes equations. This set of
equations originates from the conservation laws of mass, momentum and energy, see Truckenbrodt
[130] or Schlichting [109]. The equations consist of coupled non-linear partial differential equations
and read in conservative form, without volume forces and in index notation (Einstein summation
convention)

58



4.3 Flow Solver

∂ρ

∂t
+
∂ (ρui)

∂xi
= 0 , (4.2)

∂ (ρui)

∂t
+
∂ (ρuiuj)

∂xj
= − ∂p

∂xi
+
∂τij
∂xj

, (4.3)

∂ρE

∂t
+
∂ (ρEui)

∂xi
= −∂ (pui)

∂xi
+
∂ (uiτij)

∂xj
− ∂qi
∂xi

. (4.4)

In the course of this analysis, the Newtonian fluid air is considered exclusively. Therefore, the
Stokes hypothesis is used to express the viscous shear stress tensor τij by

τij = µl ·
(
∂ui
∂xj

+
∂uj
∂xi

− 2

3
δij
∂uk
∂xk

)
. (4.5)

The dependency of the laminar dynamic viscosity µl on the fluid temperature results, according
to Sutherland’s law, in

µl = µl,ref

(
T

Tref

) 3
2 Tref + 110.4 K

T + 110.4 K
, (4.6)

with

µl,ref = 1.716 · 10−5 m
2

s
, and Tref = 273.15 K . (4.7)

To close the Navier-Stokes equations, further relations have to be stated. In the following, the
fluid is considered as an ideal gas. Regarding the energy equation, the specific total energy E
and the thermal flux qi are then described by

E =
(
cv · T +

uiui
2

)
, and qi = −λl ·

∂T

∂xi
. (4.8)

Under consideration of the laminar Prandtl number, the thermal conductivity λl is written as

λl =
µl
Prl

· κ

κ− 1
, with Prl = 0.72 . (4.9)

The ideal gas law as thermal equation of state and the caloric equations are finally used to close
the set of equations:

p = ρRT , with R = cp − cv , and κ =
cp
cv

. (4.10)

The corresponding heat capacity ratio of air and the gas constant read

κ = 1.4 , and R = 287.058
J

kg K
. (4.11)
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Reynolds-Averaged Navier-Stokes Equations

Since the direct numerical simulation of Equations 4.2 to 4.4 is often not feasible for aeronautical
applications, other approaches have been found in computational fluid dynamics for solving the
Navier-Stokes equations. To reduce complexity, Reynolds suggested a time-averaging method,
which led to the Reynolds-Averaged Navier-Stokes (RANS) equations, see Truckenbrodt [130]
or Ferziger [37]. In this case, the flow is split into a mean flow and a turbulent fluctuation
part. The time dependency of the turbulence is eliminated while the other time-dependent flow
phenomena remain untouched. Thereby, the mean flow is resolved, but the turbulent fluctuations
have to be modeled. For compressible flows, it is however more advisable to apply a mass-
weighted decomposition as introduced by Favre, see Blazek [7]. Altogether, it turned out that
employing Reynolds-averaging for density and pressure, and Favre-averaging for other variables
such as velocity, internal energy, enthalpy and temperature, is the most convenient way in CFD
applications. As a result of the mentioned averaging methods, the linear terms of the fluctuation
part vanish in the Navier-Stokes equations, but non-linear fluctuation terms remain within the
mass-weighted RANS equations. In order to describe them, turbulence models are introduced to
close the system of equations.

For the numerical finite volume approach presented in the following, the Navier-Stokes equa-
tions are reformulated by the Reynolds transport theorem in conservative integral form [30]. Under
consideration of the averaging methods according to Reynolds and Favre, the three-dimensional
mass-weighted RANS equations for turbulent flows can be written for an arbitrary volume V with
the boundary S and the outer normal ~n as

∂

∂t

∫∫∫

V

~̄WdV = −
∫∫

S

F̄ · ~ndS . (4.12)

The vector ~̄W represents the averaged conserved quantities

~̄W =




ρ̄

ρ̄ū

ρ̄v̄

ρ̄w̄

ρ̄Ē




, (4.13)

in which ρ̄ describes the density, ū ,v̄ and w̄ the velocity components and Ē the specific total
energy. The time- and mass-weighted quantities are indicated by an overline bar. The flux tensor
F̄ is composed of the flux vectors ~̄F , ~̄G and ~̄H in the three different spatial directions

F̄ = ~̄F ⊗ ~ex +
~̄G⊗ ~ey +

~̄H ⊗ ~ez . (4.14)

The flux vectors can be divided into inviscid (index i) and viscous (index v) terms in the form

~̄F =
(
~̄Fi +

~̄Fv

)
, ~̄G =

(
~̄Gi +

~̄Gv

)
, ~̄H =

(
~̄Hi +

~̄Hv

)
. (4.15)
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The respective components of the flux vectors read in detail

~̄Fi =




ρ̄ū

ρ̄ūū+ p̄

ρ̄ūv̄

ρ̄ūw̄

ρ̄ūH̄




, ~̄Fv = −




0

τ̄xx − ρu′u′

τ̄xy − ρu′v′

τ̄xz − ρu′w′

ūτ̄xx + v̄τ̄xy + w̄τ̄xz + (λl + λt)
∂T̄
∂x − ∂ρH

′
u
′

∂x




, (4.16)

~̄Gi =




ρ̄v̄

ρ̄v̄ū

ρ̄v̄v̄ + p̄

ρ̄v̄w̄

ρ̄v̄H̄




, ~̄Gv = −




0

τ̄yx − ρv′u′

τ̄yy − ρv′v′

τ̄yz − ρv′w′

ūτ̄yx + v̄τ̄yy + w̄τ̄yz + (λl + λt)
∂T̄
∂y − ∂ρH

′
v
′

∂y




, (4.17)

~̄Hi =




ρ̄w̄

ρ̄w̄ū

ρ̄w̄v̄

ρ̄w̄w̄ + p̄

ρ̄w̄H̄




, ~̄Hv = −




0

τ̄zx − ρw′u′

τ̄zy − ρw′v′

τ̄zz − ρw′w′

ūτ̄zx + v̄τ̄zy + w̄τ̄zz + (λl + λt)
∂T̄
∂z − ∂ρH′w′

∂z




. (4.18)

Considering the momentum equations, the viscous flux vectors consist on the one hand of the
viscous shear stress tensor τ , which has already been defined in Equation 4.5. This time, the
mass-weighted notation is applied. On the other hand, the non-linear fluctuation terms that
remain due to the Reynolds- and Favre-averaging occur additionally, see the right-hand side of
Equation 4.16 to Equation 4.18. According to the Boussinesq hypothesis, a tensor called Reynolds
stress tensor is introduced, which is assumed to scale with the shear of the flow similar to the
regular viscous shear stress tensor. Hence, the non-linear fluctuation terms are expressed as

−ρu′
iu

′
j = τ̄ij = (µl + µt) ·

(
∂ūi
∂xj

+
∂ūj
∂xi

− 2

3
δij
∂ūk
∂xk

)
− 2

3
δij ρ̄k , (4.19)

in which k defines the turbulent kinetic energy. It reads

k =
ū

′
iū

′
i

2
. (4.20)

With regard to the energy equation, the turbulent fluxes −∂ρH
′
u
′
i

∂xi
have to be treated additionally.

The terms are built by the heat fluxes −∂ρT
′
u
′
i

∂xi
and an additional term Θx, which describes the

frictional heat:

−∂ρH
′u

′
i

∂xi
= −∂ρT

′u
′
i

∂xi
−Θx . (4.21)
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The heat fluxes are modeled by

−∂ρT
′u

′
i

∂xi
= λt

∂T̄

∂xi
, (4.22)

and the frictional heat term is composed of

Θx =

(
µl +

µt
Prk

)
∂k

∂xi
. (4.23)

Under consideration of the turbulent Prandtl number, the corresponding thermal conductivity
can be calculated by

λt =
µt
Prt

· κ

κ− 1
, with Prt = 0.90 . (4.24)

The last term to be discussed is the inviscid flux term of the energy equation, ρ̄ūiH̄, which
contains the specific total enthalpy. It reads for the mass-weighted RANS equations

H̄ = Ē +
p∗

ρ̄
, (4.25)

with the effective turbulent pressure

p∗ = p̄+
2

3
ρ̄k , (4.26)

and the specific total energy

Ē = cv · T +
ūiūi
2

+ k . (4.27)

In contrast to the definition of the specific total energy in the general Navier-Stokes equations
according to Equation 4.8, this time the turbulent kinetic energy k is to be considered as well.
With the introduced equations, the mass-weighted RANS formulation can now be closed by ap-
propriate turbulence models, in which the turbulent eddy viscosity µt and the kinetic energy k are
finally set. The corresponding definitions depend on the turbulence model and can significantly
vary in complexity. Specific information with relevance for the present research follow below.

Spalart-Allmaras One-Equation Turbulence Model

In the numerical analyses of this research, the one-equation turbulence model by Spalart and
Allmaras (SA model) was applied. It was originally presented in 1992 [119] and in 1994 in a
slightly revised form [120]. In 2012, Allmaras et al. published modifications to the SA turbulence
model [2], of which some are introduced below. The main motivation for the application of
the Spalart-Allmaras turbulence model was derived from former numerical results of vortex-
dominated wing configurations [112, 113, 115]. Especially for pitching-moment characteristics
at higher angles of attack, this turbulence model was found to result in better characteristics
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compared to experimental data than other two-equation turbulence models applied. In addition,
the convergence stability of the SA model and the passable numerical effort with respect to the
conducted polar computations led to this decision. A rotational correction (SARC model) was
not applied, since test computations showed a disproportionately upstream promotion of the
leading-edge vortex separation onset. The results gained with the SA model, in contrast, showed
good correlations with the experimental data, see Section 5.2.1 and Section 6.1.1.

In general, the Spalart-Allmaras turbulence model formulates one additional transport equation
for the turbulent viscosity µt. The contribution of the turbulent kinetic energy k is neglected.
To define a formulation for the turbulent viscosity µt, a working variable is introduced, namely
the SA viscosity ν̃. It is linked to the turbulent viscosity µt by

µt = ρ̄νt , and νt = ν̃fv1 (χ) . (4.28)

fv1 (χ) represents a damping function. In the standard formulation of the turbulence model,
smooth walls are regarded, for which the parameter χ is described by the viscosity ratio

χ =
ν̃

νl
. (4.29)

In case of rough walls, the definition of χ is altered according to Aupoix and Spalart [5]. With
the sand roughness ks and the wall distance d, the new formulation results in

χ =
ν̃

νl
+ 0.5 · ks

d
. (4.30)

The transport equation that is formulated for the SA viscosity ν̃ reads in general notation

Dν̃

Dt
= tprod

(
S̃, ν̃, ks, d

)
− tdest (ν̃, ks, d)− tdiff (ν̃)

+ tcomp (ν̃) + ttrip (d, dt, ωt) . (4.31)

tprod

(
S̃, ν̃, ks, d

)
represents the production term, tdest (ν̃, ks, d) is the destruction term, and

tdiff (ν̃) characterizes the diffusion term. The other terms are modifications for compressibil-
ity (tcomp (ν̃)) and turbulence onset (ttrip (d, dt, ωt)), which are, depending on the different model
versions, active or not. S̃ describes the modified vorticity, ks the sand roughness, d the wall
distance, dt the distance from the trip point, and ωt the vorticity at the trip point.

Two different model versions of the SA one-equation turbulence model are considered in more
detail. On the one hand, this is the original SA model (SAO) presented by Spalart and Allmaras
in 1992 [119]. For this implementation, neither the compressibility term, nor the trip term of
Equation 4.31 are considered. The exact definition of the other three terms and the proposed
model constants can be obtained from the main references [119, 120]. On the other hand, the
negative SA model (SA-Neg) is introduced, which was devised by Allmaras et al. [2]. For the
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present numerical investigations, this model version was applied exclusively. In general, the SA
viscosity ν̃ must always be positive, but the solution algorithm implemented in the original SA
model may result in negative values, too. The new SA-Neg model copes with negative values of
the SA viscosity ν̃ as well, without degrading the numerics and the aerodynamic solution either.
The production term, the destruction term, and the diffusion term of Equation 4.31 are modified
for this purpose, as they are reformulated in regions of the flow field with negative ν̃ values.
Implementation details are found in Reference [2]. If the SA viscosity ν̃ is positive, the standard
SA model is followed, which was devised by Allmaras et al. in 2012 as well. The only difference
of the standard SA model to the original SA model is the different definition of the scalar velocity
gradient parameter S̃, which deviates from the original implementation for values of S̃ < 0.3 · S.
Thereby, positive values of S̃ are guaranteed for every non-zero vorticity S without any need for
limiting. Furthermore, the SA-Neg model includes the compressibility term of Equation 4.31 as
well. The trip term, however, is not included.

Finally, the boundary values of ν̃ required for the SA transport equation are discussed. At
the far-field boundaries, Allmaras et. al. recommend (ν̃/ν)∞ values of (ν̃/ν)∞ = 3...5. For the
conducted CFD computations, a value of

(ν̃/ν)∞ = 3.8 (4.32)

was used with the SA-Neg model. Due to historical reasons of the applied flow solver, (ν̃/ν)∞ is
defined differently for the SAO model [30]. At smooth walls, the zero turbulence condition yields

ν̃|w = 0 . (4.33)

Special attention is required for rough walls, for which the log-law almost extends down to the
wall [5]. The wall value of ν̃ is non-zero and corresponds to the log-law value at some offset d0
from the wall. With uτ being the friction velocity, it results according to Aupoix and Spalart in

ν̃|w = ρ̄uτκd0 , with d0 = exp(−8.5κ)hs ≈ 0.03hs . (4.34)

4.3.2 The DLR TAU-Code

The numerical investigations performed for this research were computed with the TAU-Code,
a CFD solver developed at the DLR (German Aerospace Center) Institute of Aerodynamics
and Flow Technology [46, 116]. Using a finite volume approach, it solves the three-dimensional
compressible steady or unsteady Reynolds-Averaged Navier-Stokes equations on hybrid grids.
Moreover, it is developed for optimized parallel efficiency on high-performance computing sys-
tems. In this section, the main characteristics of the DLR TAU-Code are introduced, such as the
dual grid approach, the discretization schemes, multigrid concerns, and the boundary treatment.
Overall, the DLR TAU-Code consists of several modules, of which the preprocessor and the solver
modules are the most important ones. Depending on the number of domains for parallel compu-
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tations, the preprocessing module computes both the secondary grid data according to the dual
grid approach and the coarse grids required for multigrid calculations. The solver module then
performs the flow computations based on the applied numerical schemes. In addition, the DLR
TAU-Code provides a grid adaptation module to improve the accuracy of a computed solution
[3]. Based on pre-defined indicators of solution variables, local grid refinement is applied to the
hybrid grid in regions of interest to efficiently resolve detailed flow features. In other regions of
the flow field, the amount of grid points may be reduced, which leads to optimized grid sizes
required for efficient numerical simulations.

Dual Grid Approach

In order to solve the RANS system of equations numerically, see Equation 4.12, the flow variables
are computed at discrete points. According to the integral formulation, appropriate control
volumes have to be defined. Based on the computational grid provided by the grid generation
process, which is defined in TAU as initial (primary) grid, a secondary grid is constructed within
the preprocessing module according to the cell-vertex grid metric. This modus operandi is known
as dual grid approach [37, 44]. The secondary grid is constructed from the primary mesh data,
as the grid points of the primary mesh are chosen to be the discrete points, for which the flow
variables are computed. The primary and the secondary grid thus share the same points in
physical space. The secondary grid, however, consists of control volumes surrounding each grid
point. As it can be noticed from Figure 4.4, each face of the secondary grid control volumes is
thereby associated with an edge of the corresponding primary grid point. On the boundary of
the computational domain, the control volumes of the secondary grid are closed with respect to
the boundary surfaces of the primary grid.

Figure 4.4: Dual grid approach – Secondary grid data based on the cell-vertex grid metric [44].

Finite Volume Discretization

The governing equations of the RANS formulation consist of integral expressions with partial
differential equations, which contain a number of different partial derivative terms. In order to
solve them efficiently with the DLR TAU-Code based on the secondary grid data, a finite volume
approach is used. The integral expressions are transferred to sum equations and are discretized
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in space. The control volumes of the secondary grid cells, as indicated in Figure 4.4, do not
have to be stored any longer, since the fluxes to be analyzed are summed up over the control
volume surfaces, which are already available in the secondary grid data. Since the flow variables
are computed at the grid points themselves, the partial derivative terms of the RANS equations
are further replaced by finite difference quotients. This results in a linear set of finite difference
equations, which is an algebraic linearization of the partial differential equations [30]. Due to
the finite difference formulation, the fluxes can be expressed at each face of the defined control
volumes. In addition, the fluxes are assumed to be constant at each control volume face.

The computation of the finite differences is accomplished in the DLR TAU-Code by several
available upwind and central schemes. They differ in complexity, computational cost and the
resulting accuracy. For the present investigations, a second-order central scheme introduced by
Jameson was applied for the spatial discretization [76]. The convective fluxes are computed at
the faces of the control volumes from the arithmetic average of the conservative variables on both
sides of the faces. Due to numerical stability reasons, artificial dissipation is further added to
the flux equation, for which either the scalar or matrix dissipation scheme is applied. The scalar
dissipation approach follows the strategy described by Mavriplis et al. [94]. Compared to the
original scheme devised by Jameson et al. [76], an adequate scaling of the dissipation is reached
for highly-stretched cells, which are typically present in hybrid grids. In case of the matrix
dissipation approach, the required artificial viscosity is added by a matrix valued coefficient. In
contrast to the scalar scheme, which can add too much viscosity to the slower waves, the matrix
viscosity gives an appropriate viscosity for each wave component. Thereby, the central difference
scheme becomes closer to upwind biased methods [132]. Consequently, the matrix dissipation
scheme was applied to the numerical investigations of this thesis.

Discretization in Time

For the time discretization, both explicit Runge-Kutta and implicit Backward-Euler schemes are
available in the DLR TAU-Code. In general, explicit schemes can easily be solved numerically and
exhibit low memory requirements, but they have severe restrictions on the time step described by
the Courant-Friedrichs-Lewy number (CFL number) [22]. Implicit schemes allow for considerably
larger time steps, which leads to an accelerated convergence, but the computational cost is much
higher. For each time step, the Jacobian matrix has to be computed. It contains information
on the gradients at all grid points [34]. Several algorithms have been introduced to cope with
the implicit Backward-Euler scheme, and the Lower-Upper Symmetric Gauss-Seidel algorithm
(LUSGS) is one of the most famous ones [77]. It is aimed to improve the convergence while the
low memory requirement and robustness of an explicit Runge-Kutta scheme shall be maintained
[33]. For this reason, the implicit LUSGS scheme was used for the CFD analyses of the present
research.

Depending on steady-state or time-accurate computations, different time stepping methods are
used in the DLR TAU-Code. For steady-state problems, the time-independent solution of the

66



4.3 Flow Solver

RANS equations is computed based on a pseudo time t∗, for which the steady-state solution is
sought. The local time stepping method is applied, which allows in each control volume variable
time steps that depend on the local CFL number only [76]. In consequence, the local time stepping
method operates at its stability limit everywhere in the flow field [30]. The convergence of the
solution to steady-state is thus accelerated. Moreover, the multigrid technique can be used for
steady-state problems to further accelerate the convergence [74]. Details are given in the following
paragraph.

In case of time-accurate computations, global or dual time stepping methods are applied. The
global time stepping method requires a minimum time step, which is given globally over all grid
points of the secondary grid [75]. For this reason, the dual time stepping method was used in
the conducted CFD computations. It follows a combined strategy, as pseudo time steps are
introduced to the discretized equations in addition to the physical time steps [73]. For every
physical time step, the partial differential equations are then solved based on the pseudo time
t∗ to find out a converged solution. Numerical techniques to accelerate the convergence such
as implicit schemes, local time stepping and multigrid can still be applied without restrictions.
Hence, the time-dependent problem is solved by a sequence of non-linear steady-state problems.
The physical time step size itself is chosen in line with time-dependent flow features of the present
flow problem that shall be resolved.

Multigrid

Since the 1980s, the multigrid method has been found to be a powerful instrument to accelerate
the convergence of numerical solutions apart from time discretization techniques [74]. For this
reason, it is implemented in the DLR TAU-Code as well. When the multigrid method is applied,
the RANS system of equations is solved for every iteration on several grids with different refine-
ment levels. Overall, the multigrid algorithm speeds up the convergence, since the coarser grids
allow for larger time steps and are more dissipative. Undesired oscillations in the solution are
thus damped more effectively. In addition, the solutions on the coarser grids represent a rough
start solution for the iteration on the finer grids.

In general, several approaches exist for the generation of the different multigrid levels [44]. In
the DLR TAU-Code, the used multigrid algorithm corresponds to an upward/downward cycle.
Based on the secondary grid, which defines the finest mesh of the multigrid levels, the control
volumes are fused together in the upward cycle to form the coarser grids. This part of the
multigrid method is referred to as topological fusing part. Figure 4.5 displays the agglomeration
process in a basic sketch. In a subsequent downward cycle named physical fusing part, the entire
information about the coordinates of the coarse grid and the relationship between the volumes of
the coarse and the fine grid is determined based on the fine grid information. The coarse grid is
checked whether the total size and the integrals of the surfaces of each control volumes are correct
[30]. In addition, the physical fusing part also contains the computation of the coarse grid’s inner
and boundary faces.
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Figure 4.5: Multigrid method – Agglomeration of control volumes to form a coarser mesh [44].

The coarser grids are composed of a data structure similar to the data structure of the secondary
grid, since the connectivities of the coarser grids are formed explicitly during the fusion process.
Hence, the coarser grids contain all relevant information for the flow solver. Moreover, the
control volumes of the coarser grids can be evaluated in the same way as the control volumes
of the secondary grid itself [30]. The number of multigrid levels and the cycle to be performed
are given by the user. Depending on the chosen cycle, the computational cost and the numerical
accuracy may slightly differ. In the course of this research, 3w-type multigrid cycles were applied
to the performed CFD computations. In the preprocessing module of the DLR TAU-Code, two
coarser multigrids were thus generated based on the secondary grid. In general, the flow solver
then computes the solution on all three different grids, starting with the finest grid.

Boundary Treatment

The DLR TAU-Code is able to cope with a series of different boundary types [29]. During the
preprocessing, they are assigned to each surface of the geometry and the bounding surfaces of the
computational domain. The flow solver treats the different parts of the grid according to their
boundary type. In the present research, fully-turbulent CFD computations were considered ex-
clusively. For this reason, the entire wing surfaces were regarded as turbulent viscous walls, where
the corresponding flow condition reads ~V = 0. By default, smooth walls are supposed. If rough-
ness effects are considered as well, the differentiation is respected by the varying formulations of
the turbulence model at the viscous walls, see Section 4.3.1.

The limiting far-field surfaces of the computational domain are regarded with a combined
inflow/outflow boundary type. At this boundary surface, all gradients are assumed to be zero,
and therefore no viscous effects are taken into account. Typically, the boundary surface is far
away from the investigated geometry, see Section 4.2.1. Then, no influence of the bounding
surfaces on the wing configuration should be obtained. Moreover, the free stream turbulence is
initialized at the far-field boundary surfaces, see Section 4.3.1. Start values for the flow solver
are thereby provided.
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Depending on computations in the longitudinal and the lateral motion, respectively, the wing
geometries are regarded as a semi-span or as a full-span wing configuration, see Section 4.2.1. In
case of semi-span wing configurations, the computational domain is closed by a boundary surface
in the plane of symmetry. The corresponding boundary type of the DLR TAU-Code projects the
momentum flow variables onto the symmetry plane.

4.3.3 Applied Numerical Set-Up

Table 4.4 presents the high-level control parameters of the DLR TAU-Code that were applied
in the CFD computations of the present research. All of them have been introduced in the
previous paragraphs and are characteristic of the DLR TAU-Code. The numerical investigations
were run in parallel mode with up to 840 cores on the supercomputer SuperMUC at the Leibniz
Supercomputing Centre (LRZ), which is part of the Gauss Centre for Supercomputing (GCS)
[135]. For the present research, computation time was granted by LRZ to efficiently conduct the
required CFD computations (project pr86fi)2. The funding of this project by providing computing
time on the GCS Supercomputer SuperMUC at LRZ is gratefully acknowledged.

The numerical investigations were conducted for the W/T model sizes of the regarded dia-
mond wing configurations, see Section 4.1. Consequently, the free stream conditions of the CFD
computations were chosen in line to the experimental analyses. Specific details with respect to
each configuration are stated in the following two paragraphs. Moreover, the reference quantities
of each W/T model as defined in Section 3.2 were used as well. For the determination of the
aerodynamic coefficients and the resulting flow field quantities, the equations introduced for the
experimental analyses in Section 3.4 were, if necessary and applicable, also applied to the CFD
computations. Consistent data sets were therefore obtained for the CFD and the W/T data,
respectively.

2http://www.gauss-centre.eu/gauss-centre/EN/Projects/ScientificEngineering/2015/breitsamter_
AER.html?nn=1236240, retrieved February 2016

Governing equations (U)RANS
Turbulence model SA-Neg
Dual grid approach Cell-vertex grid metric
Finite volume discretization Central scheme with matrix dissipation
Discretization in time Implicit Backward-Euler scheme with LUSGS algorithm

Local time stepping scheme (steady-state computations)
Dual time stepping scheme (time-accurate compuatations)

Multigrid 3w-type
Boundary treatment Turbulent viscous walls (wing geometry)

Far field / symmetry (computational domain)

Table 4.4: High-level control parameters of the DLR TAU-Code in the applied numerical set-ups.
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AVT-183 Diamond Wing Configuration

The CFD analyses conducted for the AVT-183 configuration were all based on steady-state com-
putations with the local time stepping scheme. The low-speed W/T conditions with a Reynolds
number of Re∞ = 2.7 · 106 based on the mean aerodynamic chord of lµ = 0.8 m and a Mach
number of Ma∞ = 0.15 were further considered. The corresponding moment reference point for
pitching-moment calculation was set, according to the W/T model, to xmrp = 0.491 m aft of the
diamond wing nose. Although the focus of the resulting analysis is mostly put on the angle of
attack of α = 12◦ and specific target flow conditions as derived in Section 5.1.1, the numerical
investigations were performed for a complete angle-of-attack polar of 0◦ ≤ α ≤ 24◦. This nearly
corresponds to the polars measured within the W/T experiments. Aerodynamic coefficients and
surface pressures that are available from the experimental data can thus be compared to the CFD
results over the full range of angles of attack.

SAGITTA Diamond Wing Configuration

The numerical investigations on the SAGITTA configuration comprise both steady-state and
time-accurate CFD computations. In accordance with the atmospheric low-speed conditions of
the W/T experiments, a Reynolds number of Re∞ = 2.3 · 106 based on the mean aerodynamic
chord of lµ = 0.801 m and a Mach number of Ma∞ = 0.13 were applied. The moment reference
point for pitching- and yawing-moment calculation was set with respect to the W/T model to
xmrp = 0.501 m aft of the diamond wing nose. In the longitudinal motion, all of the different
SAGITTA configurations were considered, and the angle of attack was varied between 0◦ ≤ α ≤
24◦. For the reference configuration SG Geo 1, additional CFD analyses were undertaken in the
lateral motion. Using the full-span wing configuration, two sideslip angles with β ± 10◦ were
investigated for the entire angle-of-attack range.

At first, steady-state computations were conducted with the local time stepping scheme, re-
spectively. For angles of attack of α ≥ 10◦, time-accurate simulations were run subsequently.
Based on restart solutions of the steady-state computations, the time-accurate CFD simulations
were performed with the dual time stepping scheme. For these computations, the time step was
set to ∆t = 0.0004 s and the overall simulation time reads tsim = 0.4 s, including 150 inner
iterations per time step. If it is not explicitly indicated, the graphs and figures presented in the
following refer to the mean values of the time-accurate CFD computations. For the results of
the lower angles of attack with α < 10◦, in contrast, the converged solution of the steady-state
computations is used within the plots.
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Analysis of Partly-Developed Leading-Edge
Vortices

The following chapter deals with the analysis of leading-edge vortex flow phenomena that are
associated with the AVT-183 configuration. It consists of two main sections, which separately
focus on experimental and numerical investigations. The large-scale formation and progression of
the partly-developed leading-edge vortex structure is discussed in Section 5.1 by the experimental
results. The content refers to pre-publications of the author, which were composed to document
the key results and major findings of the experimental analyses within the AVT-183 task group
[69, 72, 124]. Special emphasis is laid on the effects of different leading-edge roughness, which was
applied in the W/T experiments at the wing leading edge to fix turbulent boundary-layer charac-
teristics, see Section 3.3.4. Differences in the flow separation onset occur, and their effects on the
emerging leading-edge vortex are assessed in detail. In this context, measurement repeatability
issues are reviewed as well. As an outcome, one specific leading-edge roughness is selected for
flow tripping, thus providing the baseline for the subsequent flow physics analysis at the angle of
attack of α = 12◦. Details of the partly-developed leading-edge vortex are thereby analyzed and
discussed. Finally, the longitudinal aerodynamic coefficients are considered. The effects of the
leading-edge vortex on the overall aerodynamic characteristics are thus demonstrated.

Section 5.2 concentrates on the numerical analyses of the partly-developed leading-edge vortex
at the AVT-183 configuration. Based on a grid sensitivity study and the available experimental
data, the numerical method is validated first. Then, the flow physics analysis is extended to
other angles of attack, and additional data beyond the experimental results is reviewed. The main
characteristics of the large-scale formation and progression of the leading-edge vortex are therefore
highlighted. Next, the focus is set on the flow separation onset characteristics in the incipient
separation region. Selected near-wall velocity profiles are discussed on boundary-layer level along
selected skin-friction lines, which show the flow separation onset most efficiently. Thereby, a
flow-physical description of the leading-edge vortex formation is given, and the onset location
of the flow separation is derived on the AVT-183 diamond wing surface. Finally, the discussion
is supported by topological-physical interpretations of the near-wall flow field phenomena. The
numerical analyses are thus used to demonstrate the nature of the occurring three-dimensional
flow separation according to topology rules as introduced in Section 2.2.
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5.1 Experimental Investigations

5.1.1 Leading-Edge Roughness Effects

Longitudinal Aerodynamic Coefficients

The effects of different trip strips on the longitudinal aerodynamic coefficients are presented in
Figure 5.1 and Figure 5.2. The data refers to the trip-strip cases that have been introduced in
Figure 3.11 and Table 3.5. For the lift coefficient CL, almost no effect can be observed, see Figure
5.1a. All applied trip-strip cases result in a comparable lift polar and do not show significant
differences to the free transition case without any flow tripping. The pitching-moment coefficient
Cmy, in contrast, deviates for the different trip strips with increasing angle of attack, see Figure
5.1b. Compared to the case W/T Free Transition, the deviations due to different roughness
heights are noted as significant. For angles of attack higher than α > 8◦, the curves additionally
become non-linear. The deviations are mainly attributed to different flow separation onsets and
the subsequent vortex formation close to the diamond wing leading edge, which is discussed later
on in this section. In consequence, the pressure distribution changes on the wing surface and
therefore influences the pitching-moment coefficient.

The drag coefficient CD is affected as well by the different trip strips, see the Lilienthal polar in
Figure 5.2a. Deviations are observed between the considered cases for the entire angle-of-attack
polar. To examine the differences occurring at low angles of attack more precisely, Figure 5.2b
depicts a detailed view. The effects of different roughness heights on the drag coefficient char-
acteristics therefore become visible. In particular, the zero-lift drag coefficient CD,0 varies with
increasing leading-edge roughness, and, compared to the case W/T Free Transition, the values
are considerably larger for the cases with forced transition. Consequently, this emphasizes the
trip-strip influence in general for the present low-speed conditions, and it indicates the existence
of, at least, partly laminar flow regions on the AVT-183 wing surface without flow tripping. A
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Figure 5.1: Leading-edge roughness effects at the AVT-183 configuration — Lift coefficient CL

and pitching-moment coefficient Cmy versus angle of attack α.
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Figure 5.2: Leading-edge roughness effects at the AVT-183 configuration — Lilienthal polar CL

versus CD.

comparison with the skin-friction coefficient for completely laminar boundary-layer flow accord-
ing to Equation 3.1, however, confirms that these regions can not be very extensive, since the
estimated skin-friction is much smaller in this case (Cf ≈ 0.001).

To highlight the drag coefficient dependence on the surface roughness in more detail, Figure
5.3 introduces the CD,0 values of the different trip-strip cases versus the total roughness height
that was applied to the leading edge. In addition to the discrete data points, a polynomial
curve fit was added so that the general trend with increasing roughness height is emphasized.
Moreover, the empirical relations of turbulent boundary-layer flow according to Equation 3.2
and Equation 3.4 are evaluated as well, as both cases with hydraulically smooth and rough
surfaces are regarded. The subsequent discussion relies on a comparison of the complete zero-lift
drag coefficient CD,0 that was measured within the W/T experiments, and the skin-friction drag
coefficient Cf according to the empirical relations for the flat plate. In consequence, the form
drag contribution CD,p of the AVT-183 configuration is not considered.
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Figure 5.3: Leading-edge roughness effects at the AVT-183 configuration — Zero-lift drag coeffi-
cient CD,0 and skin-friction coefficient Cf versus total roughness height had + ks.
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Overall, the experimental results confirm an increase of the zero-lift drag coefficient with in-
creasing roughness height. This holds particularly for the carborundum grit cases W/T Forced
Transition 110mu, 160mu and 550mu. The comparison of the experimental curve fit and the
empirical relation for hydraulically rough surfaces further shows a good qualitative agreement.
The offset in the curves is motivated by the additional form drag influence of the wing surface
and the more complex boundary-layer characteristics in general. In comparison to the flow along
a flat plate, three-dimensional boundary-layer effects are much more distinct at the rounded lead-
ing edge of the diamond wing configuration. They influence the drag coefficient characteristics
to some extent. The other carborundum grit cases W/T Forced Transition 190mu and 200mu
show certain deviations from the overall trend, which can not be explained. The CD,0 value
of the trip-dot case W/T Forced Transition 150mu Dots is found to result in a zero-lift drag
coefficient that is very close to that of case W/T Forced Transition 110mu. Despite different
trip-strip approaches and roughness heights, comparable zero-lift drag coefficients are observed.
The agreement is also valid for non-zero angles of attack, see Figure 5.2b. This further highlights
the very similar drag coefficient characteristics of those two trip-strip cases.

Surface Pressure Coefficients

Next, the different trip-strip cases are examined with respect to the flow separation onset, as
selected results of spanwise surface pressure coefficient distributions are discussed for the angle
of attack of α = 12◦. The smooth surface separation and the consecutive vortex formation
was expected to occur at approximately mid-chord locations in this case. For this reason, the
chordwise sections at 0.295 ≤ x/cr ≤ 0.405 are regarded in Figure 5.4. In addition to the results
of the free transition measurements, all cases with forced transition are considered. Without any
trip strip applied (case W/T Free Transition), the flow is already found as separated at this angle
of attack and for the mentioned chordwise sections, and the leading-edge vortex has emerged.
Typical distributions of the spanwise surface pressure coefficients are noticed, and the vortex core
axis is indicated by suction peaks located inboard of the leading edge. The other cases with trip
strips applied, in contrast, show diverse characteristics, which are discussed below.

As a result of a reasonable flow tripping and fixed turbulent boundary-layer characteristics
compared to the free transition case, the onset of flow separation and the consecutive vortex for-
mation is in general expected to be shifted more downstream and/or to higher angles of attack.
This is due to more momentum present close to the wing surface, which prevents the flow from
being separated up to higher angles of attack. This behavior is however not found for the cases
with a total roughness height of had + ks ≥ 190 µm, which at first were considered in the W/T
experiments, see Figure 5.4. For the related cases (W/T Forced Transition 190mu / 200mu /
550mu), the vortex axis indicated by the suction peaks is located more inboard compared to the
free transition case. Hence, vortex formation occurs even more upstream and for lower angles of
attack, respectively. Consequently, these cases do not show the "expected" flow separation be-
havior of well-tripped boundary-layer flow. The total height of the adhesive layer and the surface
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(a) x/cr = 0.295.
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(b) x/cr = 0.305.
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(c) x/cr = 0.395.
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(d) x/cr = 0.405.

Figure 5.4: Leading-edge roughness effects at the AVT-183 configuration – Surface pressure coef-
ficient cp versus semi-span y/s(x) at α = 12◦.

roughness is found to be too large. Therefore, the cases are characterized as "over-tripped". The
result is a premature flow separation onset compared to the free transition case, which is directly
induced by the trip strips itself. With respect to the requested turbulent boundary-layer condi-
tions in the AVT-183 W/T investigations, these characteristics are not desired. Consequently,
the target flow conditions are not met for those cases.

The other three trip-strip cases with reduced roughness height (W/T Forced Transition 110mu
/ 150mu Dots / 160mu), in contrast, lead to more useful characteristics, see Figure 5.4. The
case W/T Forced Transition 110mu, for instance, shows attached flow with a large suction peak
at the leading edge even for α = 12◦ and x/cr = 0.295, see Figure 5.4a. For the case W/T
Forced Transition 150mu Dots, the flow separation currently takes place close to this chordwise
section, as the suction peak is reduced and the vortex develops. Slightly more downstream at
x/cr = 0.305, see Figure 5.4b, the leading-edge vortex is formed with a suction peak located
away from the leading edge. For the case W/T Forced Transition 110mu, the suction peak of the
attached flow starts to decrease at this chordwise location, indicating the imminent appearance
of the leading-edge vortex. More downstream at x/cr = 0.395 and x/cr = 0.405, both data
sets then show a well-developed vortex flow, see Figure 5.4c and Figure 5.4d. Finally, the case
W/T Forced Transition 160mu is regarded. At x/cr = 0.295 and x/cr = 0.305, the flow is
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already separated, but compared to the free transition case, the suction peak is located more
outboard. Subsequently, the separation point is delayed downstream as well. More downstream
at x/cr = 0.395 and x/cr = 0.405, the grading corresponding to the roughness height can also be
seen. The results of the case W/T Forced Transition 160mu fit between the free transition case
and the above mentioned forced transition cases (110mu / 150mu Dots).

The analysis clearly points out the flow separation onset dependence on the roughness height.
Figure 5.4 has demonstrated the effects of the different trip strips at α = 12◦, but for other angles
of attack, the same trends are observed accordingly. Therefore, a conclusion concerning the effects
of varying leading-edge roughness at the AVT-183 configuration can be drawn. Focusing on the
test cases with carborundum grit, a direct relation of flow separation and roughness height has
been found. If the roughness height is chosen too large, however, the flow is threatened by over-
tripping, which is associated with premature flow separation onsets. The trip-dot type, case W/T
Forced Transition 150mu Dots, leads to results that are comparable to those of case W/T Forced
Transition 110mu, despite the increased roughness height. The leading-edge contour, at which
the application of surface roughness has been found to be crucial with regard to over-tripping,
remains unchanged in this case. To adequately fulfill the requirement of reasonably-tripped, fixed
turbulent boundary-layer flow at the wing surface of the AVT-183 W/T model, the two cases
W/T Forced Transition 110mu and 150mu Dots are accordingly appropriate.

Figure 5.5 highlights the above discussed trends. For two chordwise sections, namely at
x/cr = 0.295 and x/cr = 0.395, the minimum surface pressure coefficients of the correspond-
ing sections and their spanwise positions are shown versus the angle of attack. In addition to the
two appropriate cases (W/T Forced Transition 110mu / 150mu Dots), also the case W/T Free
Transition and the over-tripped case W/T Forced Transition 550mu are considered for compari-
son. Attached flow is characterized in Figure 5.5b and Figure 5.5d by a value of y/s(x)cp,min

→ 1,
which indicates the suction peak is located at the leading edge. For separated flow, this value
decreases and shows the approximate spanwise position of the vortex core axis. Compared to the
free transition case, the delayed flow separation onset of the reasonably-tripped cases is thereby
emphasized. With increasing angle of attack, the location of the suction peak and hence, the
vortex axis, moves further inboard, as the vortex grows in size and intensity. For the over-tripped
case, in contrast, flow separation occurs at even lower angles of attack compared to the free
transition case. The corresponding suction levels are shown in Figure 5.5a and Figure 5.5c, re-
spectively. If an appropriate trip strip is applied, the suction peak of the attached flow increases
with increasing angle of attack to considerably higher values, before the flow separation occurs.
For even higher angles of attack, no distinct trend is observed, as three competing effects are
present. On the one hand, the suction peak at the leading edge vanishes, which decreases the
suction levels drastically. On the other hand, the suction peak of the emerged leading-edge vortex
first increases with increasing angle of attack. Finally, vortex bursting effects move upstream, see
Section 5.1.2, and the suction levels decrease again. The over-tripped case, in contrast, shows
even more reduced suction levels for almost the entire angle-of-attack range.
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(b) x/cr = 0.295.
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(c) x/cr = 0.395.
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Figure 5.5: Leading-edge roughness effects at the AVT-183 configuration – Minimum surface pres-
sure coefficient cp,min and corresponding spanwise locations versus angle of attack α.

Short-Term Repeatability

The discussion of the longitudinal aerodynamic coefficients and the surface pressure coefficients
as presented above rest upon mean data sets of several W/T runs. In each case, they were
derived from three to four different measurements, which were conducted subsequently in one
W/T campaign, respectively. Initial measurements on the AVT-183 configuration without any
flow tripping showed a very good short-term repeatability in terms of aerodynamic coefficients
and surface pressure coefficients. The results confirmed the overall validity of the measurement
set-up and led to the mean data set of case W/T Free Transition, see Hövelmann et al. [68].
Due to the advent of trip strips at the leading edge to fix the boundary-layer transition, the
analysis of the short-term repeatability becomes more relevant, as stable flow separation onset
characteristics are desired. For this reason, the short-term repeatability of the AVT-183 W/T
measurements is briefly evaluated and reviewed.

Figure 5.6 and Figure 5.7 present selected short-term repeatability results for the cases W/T
Forced Transition 110mu and W/T Forced Transition 150mu Dots. The plots each depict the
pitching-moment coefficient Cmy versus the angle of attack, and the surface pressure coefficient
distribution cp(y(s(x)) along the local semi-span at α = 14◦ and x/cr = 0.405. In case of the
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(b) Surface pressure coefficient.

Figure 5.6: Short-term repeatability issues of case W/T Forced Transition 110mu — Pitching-
moment coefficient Cmy versus angle of attack α and surface pressure coefficient cp
versus semi-span y/s(x) at α = 14◦ and x/cr = 0.405.

single adhesive layer without additional carborundum particles (case W/T Forced Transition
110mu), the short-term repeatability of the W/T measurements becomes worse compared to the
free transition case. In particular, the pitching-moment coefficient is influenced with increasing
angle of attack, see Figure 5.6a. The surface pressure coefficients in Figure 5.6b also deviate
from each other for subsequent W/T runs, thus showing a slightly different flow separation onset.
The results indicate that the single adhesive layer changed its material properties, such as its
characteristics in adhesion and elasticity, due to increasing ambient temperature in the W/T
facility. Similar effects were also observed for the case W/T Forced Transition 190mu, which
used the same type of a double-faced adhesive strip, but with carborundum particles. For this
reason, the adhesive layer was modified for the related cases W/T Forced Transition 160mu and
W/T Forced Transition 200mu, as a sprayed adhesive layer was applied instead. Then, the short-
term repeatability again revealed very good results. Consequently, the short-term repeatability
deficit of case W/T Forced Transition 110mu is directly linked to this observation. Especially at
higher angles of attack, for which the trip strip is essential with respect to the flow separation
onset, these characteristics are noted as disadvantageous.

Since for an appropriate flow tripping, however, the case W/T Forced Transition 110mu was
rated "best" under the carborundum grit cases, another trip-strip method was sought for in the
second campaign of the AVT-183 W/T investigations. It should improve the short-term repeata-
bility and should show the same or similar vortex separation characteristics. Thereby, the trip
dots came into focus of the experimental analyses. Similar flow separation onset characteristics
have already been demonstrated above, and the effects on repeatability issues are highlighted in
Figure 5.7. Compared to the latter case, the short-term repeatability of the W/T measurements
is considerably improved. This time, the pitching-moment coefficient and the surface pressure
coefficient distribution are reproduced very well by subsequent W/T polar runs. The flow sep-
aration onset is found to occur exactly at the same position for different measurements. The
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Figure 5.7: Short-term repeatability issues of case W/T Forced Transition 150mu Dots —
Pitching-moment coefficient Cmy versus angle of attack α and surface pressure co-
efficient cp versus semi-span y/s(x) at α = 14◦ and x/cr = 0.405.

results thus emphasize the successful application of the trip dots at the AVT-183 W/T model.
Based on the ordered structure, the definite position and the uncoated leading edge, much more
reproducible characteristics are therefore observed. Overall, this leads to the conclusion that
application of the trip dots (case W/T Forced Transition 150mu Dots) is preferable to the single
adhesive layer (case W/T Forced Transition 110mu). Compared to the latter case, the short-term
repeatability is extensively improved.

Long-Term Repeatability

In addition to the short-term analyses, the long-term measurement repeatability was also assessed
within the AVT-183 W/T investigations. It is defined as the repeatability of the same test case,
but measured within different W/T campaigns. In concordance with the preceding discussion of
leading-edge roughness effects, this analysis again refers to mean data sets, which were averaged
according to subsequent runs in the corresponding W/T campaigns. Needless to say, the model
was dismounted at the end and remounted at the beginning of each W/T entry, respectively.
Moreover, the trip strips were removed in each case and were reapplied in the following W/T
campaign. Thereby, not only the long-term changes of the overall W/T facility set-up, but also
model installation effects in the test section and trip-strip application differences can be assessed.
The case W/T Free Transition was considered first in each W/T campaign, and the results showed
a very good long-term repeatability of the measurements [68]. Overall, this again confirms the
general validity of the present W/T experiments, also in terms of a long-term perspective.

Here, the discussion concentrates on the case W/T Forced Transition 150mu Dots, see Figure
5.8. Overall, the agreement between the results derived from different W/T entries is very
satisfying. The pitching-moment coefficient curves in Figure 5.8a show an excellent agreement,
and the spanwise pressure coefficient distributions almost coincide with each other, see Figure
5.8b. The agreement is also valid for other chordwise sections and angles of attack, respectively.
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Figure 5.8: Long-term repeatability issues of case W/T Forced Transition 150mu Dots —
Pitching-moment coefficient Cmy versus angle of attack α and surface pressure co-
efficient cp versus semi-span y/s(x) at α = 14◦ and x/cr = 0.405.

Moreover, the drag coefficient characteristics are predicted equally to each other. Consequently,
the long-term repeatability of the longitudinal aerodynamic coefficients and the surface pressure
coefficients is rated excellent for the case W/T Forced Transition 150mu Dots. Since the trip dots
had to be removed between the second and the third W/T campaign due to test measurements
with a coated W/T model for subsequent flow field analyses, the obtained results are valued
even higher. They further indicate that the trip dots were applied very accurately in each W/T
campaign, thus leading to equivalent boundary-layer characteristics over different W/T entries.

In summary, the entire analysis demonstrates that the trip dots represent the most reasonable
trip-strip case that was tested in the experimental investigations. As a result of the excellent
measurement repeatability and the desired flow separation onset characteristics, the case W/T
Forced Transition 150mu Dots was therefore selected for the target flow conditions. For the
subsequent flow field investigations, it was thus considered exclusively as flow tripping method.
Furthermore, the same trip-strip layout was consequently chosen for the W/T experiments of the
SAGITTA configuration, see Section 3.3.5.

5.1.2 Flow Physics Analysis

The near-wall flow field characteristics of the AVT-183 configuration are considered next. The
angle of attack of α = 12◦ and the target flow conditions (case W/T Forced Transition 150mu
Dots) are relevant for the discussion. The focus is laid on the analysis of the leading-edge
vortex formation and progression. In this context, both time-averaged values and fluctuating
quantities are regarded, which originate from Stereo PIV and HWA measurements, and from
surface pressure measurements. The unsteady surface pressures, however, refer to results of the
case W/T Forced Transition 110mu, because the Kulite data is exclusively available for this trip-
strip case. The approach is feasible, as very similar flow separation characteristics have been
observed in comparison to the target flow conditions, see Section 5.1.1.
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Mean Near-Wall Flow Field Characteristics

Figure 5.9 depicts an overview of the partly-developed leading-edge vortex, which is present
on the AVT-183 configuration at α = 12◦. Time-averaged results of the mean axial vorticity
component ωx and the mean absolute velocity V are shown as non-dimensional values for selected
chordwise sections. The leading-edge vortex formation at approximately mid-chord locations
and its progression on the diamond wing configuration are clearly noticed. The corresponding
pressure distributions on the wing surface are summarized in Figure 5.10. In six selected chordwise
sections of the surface pressure measurements, corresponding time-averaged results are plotted
along the semi-span of the AVT-183 configuration. The colored circle symbols further highlight
the mean values derived from the eight unsteady Kulite pressure transducers. Attached flow
can be observed in the first two measurement sections at x/cr = 0.1 and x/cr = 0.2. The flow
separation onset occurs slightly upstream of x/cr = 0.295, where the leading-edge suction peak
decreases and the minimum pressure coefficient starts to move slightly inboard. At x/cr = 0.405,
the leading-edge vortex is clearly noticed. The corresponding suction peak at the vortex core axis
is about cp,min ≈ −3. Hence, the partly-developed leading-edge vortex is thereby emphasized.
More downstream at x/cr = 0.5 and x/cr = 0.6, the vortex axis moves further inboard. The
vortex considerably expands in spanwise direction and the suction levels drastically decrease.
Consequently, this behavior indicates the existence of vortex breakdown, which is already relevant
for the AVT-183 configuration at α = 12◦.

To demonstrate the vortex breakdown characteristics in more detail, related sectional plots of
the near-wall flow field data are discussed in the following, see Figure 5.11 and Figure 5.12. The
axial vorticity component is considered first, see Figure 5.11a to Figure 5.11f. At x/cr = 0.1 to
x/cr = 0.295, increased levels are mainly observed close to the wall in the attached boundary-layer
region. By way of example, this shows the ability of the current Stereo PIV set-up to measure
the flow field quantities in the vicinity of the diamond wing surface. Due to the proximity
of the W/T floor, however, some imperfections are noticed in the flow field data of the most

(a) Axial vorticity. (b) Absolute velocity.

Figure 5.9: Flow physics analysis of the AVT-183 configuration – Axial vorticity contours ωx ·
lµ/U∞ and absolute velocity contours V /U∞ at α = 12◦.
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Figure 5.10: Flow physics analysis of the AVT-183 configuration – Surface pressure coefficient cp
versus semi-span y/s(x) at α = 12◦.

upstream wing sections. They arise from reflections that could not be avoided, but considerably
be minimized, see Section 3.4.3. The flow separation onset close to x/cr = 0.295, as shown in
Figure 5.10, is only hardly noticeable in the corresponding plot of the axial vorticity component,
see Figure 5.11c, since the emanating vortex structure is still very small. At x/cr = 0.405,
the leading-edge vortex is then clearly visible as a large-scale structure, see Figure 5.11d. More
downstream at x/cr = 0.5 and x/cr = 0.6, the axial vorticity component of the leading-edge
vortex starts to decrease in the vortex core region, see Figure 5.11e and Figure 5.11f. The high
vorticity levels of the separating shear layer close to the leading edge, in contrast, are even more
pronounced. Due to the chosen measurement field of view, the vorticity content of the attached
boundary layer inboard of the leading-edge vortex is only noticeable up to the chordwise section
of x/cr = 0.405. There, the boundary layer is slightly thickened at its outboard end, which
results more downstream in a weak vortex structure. It is referred to as "inner vortex" and has
the same rotation direction as the leading-edge vortex. Moreover, the structure is of similar type
as observed in the VFE-2 investigations of the related research task group AVT-113 [43, 93]. In
this thesis, the characteristics of the "inner vortex" are discussed in more detail in Section 5.2,
where the numerical investigations of the AVT-183 configuration are presented.

The corresponding cross-section plots of the absolute velocity are shown in Figure 5.11g to
Figure 5.11l. At x/cr = 0.405, both the leading-edge vortex and the weak "inner vortex" are
observed, see Figure 5.11j. Compared to the free stream velocity U∞, the vortex core velocities
are already retarded and show a wake-type character. Above the leading-edge vortex, a region
of accelerated flow is noticed, which is driven by the rotation energy of the vortical structure.
More downstream at x/cr = 0.5 and x/cr = 0.6, the leading-edge vortex grows in size, and the
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(a) x/cr = 0.100.

(b) x/cr = 0.200.

(c) x/cr = 0.295.

(d) x/cr = 0.405.

(e) x/cr = 0.500.

(f) x/cr = 0.600.

(g) x/cr = 0.100.

(h) x/cr = 0.200.

(i) x/cr = 0.295.

(j) x/cr = 0.405.

(k) x/cr = 0.500.

(l) x/cr = 0.600.

Figure 5.11: Flow physics analysis of the AVT-183 configuration – Axial vorticity contours ωx ·
lµ/U∞ and absolute velocity contours V /U∞ at α = 12◦.

vortex axis moves inboard and upwards. Furthermore, the vortex core velocity is significantly
reduced when moving downstream. This is directly linked to the phenomenon of vortex bursting
as introduced above for the surface pressure coefficient distribution. At x/cr = 0.6, almost the
entire cross-section of the leading-edge vortex is dominated by a strong wake-type axial flow.
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Figure 5.12 depicts the time-averaged lateral and normal velocity components gathered from the
Stereo PIV measurements. The latter plots additionally contain information on the sectional
contour (pseudo) streamlines. The location of the vortex axis in spanwise direction and normal
to the diamond wing surface can thereby be analyzed. Figure 5.12a to Figure 5.12f emphasize

(a) x/cr = 0.100.

(b) x/cr = 0.200.

(c) x/cr = 0.295.

(d) x/cr = 0.405.

(e) x/cr = 0.500.

(f) x/cr = 0.600.

(g) x/cr = 0.100.

(h) x/cr = 0.200.

(i) x/cr = 0.295.

(j) x/cr = 0.405.

(k) x/cr = 0.500.

(l) x/cr = 0.600.

Figure 5.12: Flow physics analysis of the AVT-183 configuration – Lateral velocity component
contours v/U∞ and normal velocity component contours w/U∞ at α = 12◦.
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that the flow is directed inboard above the vortex axis, and it points outboard towards the
leading edge between the vortex axis and the diamond wing surface. Close to the wall, the lateral
velocity component is increased up to approximately the free stream velocity, thus leading to
the suction levels in the surface pressure coefficient distributions, see Figure 5.10. The normal
velocity component shows a respective pattern for all considered chordwise sections, see Figure
5.12g to Figure 5.12l. The rotation of the flow is further highlighted by the contour streamlines.
Upstream and in the vicinity of the flow separation onset at x/cr = 0.1 to x/cr = 0.295, the
attached flow around the leading edge leads to increased normal velocity components in this
region. Downstream of the flow separation onset, the leading-edge region is still dominated
by increased normal velocity component values. This is due to the separating shear layer and
the vortex induction close to the leading edge. The rotation of the vortical structure itself can
explicitly be observed, and inboard of the vortex axis, negative normal velocity components are
accordingly present.

Turbulent Near-Wall Flow Field Characteristics

The time-dependent quantities are examined in the following. Figure 5.13 depicts the power
spectral densities of resulting pressure coefficient fluctuations versus the reduced frequency. The
spectra were truncated at the low-pass cut-off frequency, which corresponds to a non-dimensional
value of kred ≈ 15. Furthermore, a linear averaging over 1024 bands was applied in the spectral
analyses. All unsteady pressure taps are regarded, and the respective line colors relate the curves
to the chordwise locations on the W/T model, see Figure 5.10. Therein, one can notice that the
Kulites are mostly located inboard of the leading-edge vortex trajectory. The influence of the
vortical structure on the spectral characteristics is therefore significant only at certain pressure
tap locations. The corresponding fluctuating results show in general higher levels of the power
spectral density function at y/s(x) = 0.750 than more inboard at y/s(x) = 0.650, see Figure 5.13a
and Figure 5.13b. The increased values are particularly noticed for the more downstream Kulite
positions with x/cr ≥ 0.405, where the leading-edge vortex apparently impacts the spectral
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(b) y/s(x) = 0.750.

Figure 5.13: Flow physics analysis of the AVT-183 configuration – Power spectral densities of
unsteady surface pressure fluctuations at α = 12◦.
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characteristics. The spectra at x/cr = 0.295, in contrast, do not differ significantly, and the
occurring flow separation onset is not relevant for the fluctuating surface pressures in this section.
The most pronounced surface pressure fluctuations and the existence of a "dominant frequency"
are observed for x/cr = 0.600 and y/s(x) = 0.750, as increased levels are present around a
reduced frequency of kred ≈ 3.6 (f ≈ 239 Hz). Since the pressure tap in this case is located
directly under the leading-edge vortex trajectory, the spectral characteristics are attributed to the
occurring vortex bursting. The corresponding energy concentration of the limited frequency band
further gives indication that the "peak" is linked to the helical mode instability of the breakdown
flow. This conclusion is made based on published data that focused on unsteady flow phenomena
of leading-edge vortices. Gursul et al., for instance, classified the helical mode instability in this
reduced frequency range [48], and Breitsamter showed respective results for a moderately-swept
delta wing configuration [17]. In the present case, however, the energy concentration does not
occur as narrow due to the relatively weak vortex structure emanating from the rounded leading-
edge contour. Hence, the leading-edge radius does not only impact the vortex formation and
progression, but also the resulting spectral characteristics of occurring unsteady flow phenomena.

Related results of the turbulent kinetic energy k in the near-wall flow field are shown in Figure
5.14. A logarithmic contour scale has been chosen for the plots, and three different chordwise
sections are regarded, at which the leading-edge vortex has already emerged. This time, both the
results obtained from the Stereo PIV measurements and the HWA measurements are presented,
respectively. On the one hand, the Stereo PIV results provide a large measurement plane with
high spatial discretization in each cross-section, but they are limited with respect to the number
of PIV raw images available and the temporal resolution relevant for spectral analyses. On the
other hand, the HWA measurements are limited with respect to the number of measurement
points, but they provide an excellent time resolution with 19200 values per time series in the
present analyses. For this reason, both data sources are used for the subsequent discussion.
Considering the Stereo PIV results, the obtained contour fields appear to be slightly noisy. This
is due to the aforementioned low time resolution and the rather few PIV raw images available,
which results in a limited length of the time series. The leading-edge vortex, however, is still
depicted down to the diamond wing surface, see Figure 5.14a to Figure 5.14c. The resulting
values of the turbulent kinetic energy observed within the leading-edge vortex are up to two
orders of magnitude larger than the corresponding values far off the wing surface. Moreover, the
local turbulence maxima are found to decrease in downstream direction, which is consistent with
corresponding numerical findings on the AVT-183 configuration by Frink [38]. This implies that
vortex bursting has already become relevant at the chordwise position of x/cr = 0.405, which
is approximately ∆x/cr ≈ 0.1 downstream of the first appearance of the leading-edge vortex in
the surface pressure distributions. The instantaneous retardation of the axial vortex core flow as
introduced in Figure 5.11j is thus consistent. Consequently, it seems that no typical developed
leading-edge vortex emerges, but a vortical structure that immediately shows vortex bursting
tendencies after its large-scale formation. Compared to the flow field characteristics of slender
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(a) Stereo PIV, x/cr = 0.405.

(b) Stereo PIV, x/cr = 0.500.

(c) Stereo PIV, x/cr = 0.600.

(d) HWA, x/cr = 0.405.

(e) HWA, x/cr = 0.500.

(f) HWA, x/cr = 0.600.

Figure 5.14: Flow physics analysis of the AVT-183 configuration – Turbulent kinetic energy con-
tours k at α = 12◦.

wings, vortex breakdown is thus observed to be less abrupt, but instantaneously present. The
exact location of the vortex bursting is challenging to define. The present results thereby show
agreement with observations for respective wing configurations with reduced wing sweep, see
Gursul et al. [48]. Responsible for these phenomena are both the moderate leading-edge wing
sweep and the rounded leading-edge contour. Based on the surface pressure distribution alone,
as presented in Figure 5.10, the obtained flow field characteristics are not obvious at first sight.

The HWA measurements yield very similar turbulent near-wall flow field characteristics in
comparison to the Stereo PIV results, see Figure 5.14d to Figure 5.14f. A good agreement
is found with respect to the spatial extent of the leading-edge vortex and the increase of the
turbulent kinetic energy around the separating shear layer. The effects of the increased length of
the time series, the hot-wire measurements are based on, is immediately noticed in the results, as
the contour plots show smooth but distinct gradients. Due to the size of the cross-wire probes,
the HWA measurements were however not able to capture the flow field at the curved leading-
edge contour down to the diamond wing surface. For this reason, the leading-edge vortex is
not completely resolved at the chordwise location of x/cr = 0.405, see Figure 5.14d. The local
turbulence maximum is not displayed, and it is assumed to be located slightly closer to the wall.
In the more downstream cross-sections at x/cr = 0.500 and x/cr = 0.600, in contrast, the local
turbulence maxima are noticed, see Figure 5.14e and Figure 5.14f. Compared to the Stereo PIV
results, see Figure 5.14b and Figure 5.14c, the peak values are slightly lower and their locations
within the leading-edge vortex are different. The HWA results indicate turbulence maxima that
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are closer to the diamond wing surface. In addition, typical annular structures of local maximum
turbulent kinetic energy values are observed by the hot-wire measurements, which again reveal
the existence of vortex bursting. The differences in turbulence maxima magnitude and location
can be the result of several aspects. On the one hand, they may be a consequence of the limited
Stereo PIV data and the reduced time resolution, for which the final results do not represent the
local turbulence distribution in all details. On the other hand, slight probe mount interferences
in the HWA measurements could also contribute to a minor shift of the leading-edge vortex
trajectory. This would then affect the fluctuating quantities as well, finally leading to different
local turbulence distributions in the considered chordwise sections.

Due to the low Stereo PIV sample rate, spectral analyses were therefore conducted for the HWA
measurements only. Figure 5.15 and Figure 5.16 demonstrate selected results in two chordwise
sections, namely at x/cr = 0.500 and x/cr = 0.600. The power spectral densities of the velocity
fluctuation components are considered at locations close to the local turbulence maxima and
outside of the leading-edge vortex, respectively. The exact positions can be observed by the
bullets as shown in Figure 5.14e and Figure 5.14f. For the subsequent discussion, one should
bear in mind that the logarithmic scale of the plots in Figure 5.15 and Figure 5.16 differs by
two orders of magnitude, to provide a better plot scaling in each case. As it can be expected,
the levels of the power spectral density function are much higher in the leading-edge vortex
than outside of it. The levels of the axial velocity fluctuations are the highest, compared to
the lateral and the normal components, see Figure 5.15. For a reduced frequency of kred ≈
0.3, which corresponds to a frequency of f ≈ 20 Hz, peaks can be seen for all three velocity
fluctuation components. Their origin, however, can not surely be attributed to a certain flow-
physical phenomenon. At x/cr = 0.600, increased levels are also noticed in the present spectra
around a reduced frequency of kred ≈ 4.3 (f ≈ 285 Hz), but the three velocity components peak
at slightly different reduced frequencies, see Figure 5.15b. Compared to the power spectral density
analysis of the unsteady surface pressures, see Figure 5.13b, similar "dominant frequencies" are
thus present. Consequently, the velocity fluctuation components again indicate the helical mode
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Figure 5.15: Flow physics analysis of the AVT-183 configuration – Power spectral densities of
velocity fluctuations at α = 12◦ close to local turbulence maxima. The locations can
be observed from Figure 5.14e and Figure 5.14f.
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Figure 5.16: Flow physics analysis of the AVT-183 configuration – Power spectral densities of
velocity fluctuations at α = 12◦ outside of the leading-edge vortex. The locations
can be observed from Figure 5.14e and Figure 5.14f.

instability of the breakdown flow. With increasing reduced frequencies, the spectral values in
both chordwise sections decrease and are cut off at the low-pass filter frequency.

The spectral analyses of the other two probe positions, which are located outside of the leading-
edge vortex, show considerably reduced levels of power spectral densities, see Figure 5.16. The
velocity fluctuation components do not differ between each other as observed before, and the
peak frequency at kred ≈ 0.3 is observed again in both chordwise sections. The reduction in
the spectral energies with increasing reduced frequencies is more pronounced in this case, thus
showing typical spectral characteristics of ordinary turbulent flow.

5.1.3 Longitudinal Aerodynamic Coefficients

Finally, the longitudinal aerodynamic coefficients associated with the target flow conditions are
summarized. The lift, drag, and pitching-moment coefficient characteristics are considered for
the entire angle-of-attack polar, which links the results to the preceding flow physics analysis.
Therefore, the effects of the partly-developed leading-edge vortex on the overall aerodynamic
characteristics are evaluated.

Lift Coefficient Characteristics

Figure 5.17a depicts the experimental lift coefficient curve versus the angle of attack. Linear
lift coefficient characteristics are present, and the stall angle of attack is not reached before
the measurement point at α = 20◦. A distinct non-linear lift increase due to leading-edge vortex
suction is not visible, which is typical of the present type of wing configuration. Due to the reduced
wing sweep and the rounded leading-edge contour, the occurring partly-developed leading-edge
vortex is relatively weak. In consequence, the integral lift coefficient characteristics are not
impacted to a great extent. The flow-physical effects induced by the vortical structure become
more obvious in the lift slope CL,α, see Figure 5.17b. For low positive angles of attack up to
α = 7◦, the lift slope slightly increases due to the increasing leading-edge suction levels of the
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(a) Lift coefficient.
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(b) Lift slope.

Figure 5.17: Longitudinal aerodynamic characteristics of the AVT-183 configuration — Lift co-
efficient CL and derivative CL,α versus angle of attack α.

initially-present attached flow. Then, the leading-edge vortex forms in the outboard wing section
and moves upstream with increasing angle of attack. The lift slope slightly decreases again, since
the contribution of the leading-edge vortex suction along the vortex axis cannot compensate the
leading-edge suction of the disappearing attached flow regions. For higher angles of attack with
α > 16◦, this effect is strengthened, as the upstream-moving vortex breakdown phenomena, which
have been introduced in the latter section, also contribute to the lift slope reduction. As a result,
a lift slope value of approximately CL,α ≈ 2.2 is finally observed at α = 20◦.

Drag Coefficient Characteristics

The drag coefficient characteristics are summarized in Figure 5.18. Overall, the drag polar shows
the typical appearance, see Figure 5.18a. The corresponding zero-lift drag coefficient results in
CD,0 = 0.0067. With increasing angle of attack, the parabolic drag increase is noticeable. Figure
5.18b depicts the Lilienthal polar. Additionally, a reference line is plotted for comparison, which
is tangential to the Lilienthal polar at the angle of attack of α = 4◦. There, the maximum lift-to-
drag ratio of (CL/CD)max = 14.28 and the minimum glide angle of ǫmin = 4.01◦ are found. For
the target flow conditions at α = 12◦, the aerodynamic coefficients result in values of CL = 0.517

and CD = 0.080, respectively. This corresponds to a lift-to-drag ratio of (CL/CD)α=12◦ = 6.47,
and the respective value of k in the parabolic drag polar is kα=12◦ = 0.274.

Pitching-Moment Coefficient Characteristics

The pitching-moment characteristics are finally reviewed in Figure 5.19a. With respect to the
chosen pitching-moment reference point at the quarter section of the mean aerodynamic chord, the
curve monotonically decreases for the considered angle-of-attack range. At α = 12◦, a pitching-
moment coefficient value of Cmy = −0.027 is observed. In contrast to the lift coefficient curve,
the Cmy values visibly become non-linear with increasing angle of attack. This is highlighted
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Figure 5.18: Longitudinal aerodynamic characteristics of the AVT-183 configuration — Drag co-
efficient CD versus angle of attack α and Lilienthal polar CL versus CD.
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(a) Pitching-moment coefficient.
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Figure 5.19: Longitudinal aerodynamic characteristics of the AVT-183 configuration -– Pitching-
moment coefficient Cmy and derivative Cmy,α versus angle of attack α.

in Figure 5.19b, which shows the pitching-moment derivative Cmy,α. In general, the derivative
decreases over the angle-of-attack polar, but the trend is intercepted between 8◦ ≤ α ≤ 10◦, for
which a pronounced increase is noticed. Overall, the observed characteristics are the result of the
occurring partly-developed leading-edge vortex. At the mentioned angles of attack, the surface
pressure distributions on the wing surface change with areas of increased and decreased suction
that are located up- and downstream of the pitching-moment reference point. When the vortical
structure occurs in the outboard wing section at α ≈ 8◦, the derivative is temporarily influenced,
since the outboard leading-edge suction is diminished and replaced by the emanating leading-
edge vortex. For α ≥ 10◦, the derivative decreases again, since the flow separation onset moves
upstream and the vortex suction along the core is intensified. For angles of attack of α ≥ 16◦, the
derivative finally decreases more distinctly. Hence, not only the upstream-moving flow separation
onset, but also the upstream-moving vortex breakdown influences the pitching-moment coefficient
characteristics. With increasing angle of attack, this becomes particularly visible.
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5.1.4 Synthesis

The leading-edge vortex formation and progression on the AVT-183 configuration have been
presented in this section by experimental analyses. First, leading-edge roughness effects have
been considered, from which reasonably-tripped boundary-layer characteristics have been derived.
Then, the flow physics has been discussed for the occurring partly-developed leading-edge vortex,
and the longitudinal aerodynamic coefficients have been evaluated. In sum, one can conclude:

Leading-Edge Roughness Effects

• The experimental results show that the flow separation onset and the partly-developed
leading-edge vortex are very sensitive to the surface roughness and any contour modifi-
cation at the diamond wing leading edge. Compared to the free transition case, both
"over-tripped" and reasonably-tripped cases are identified, as varying flow separation onset
characteristics are present, respectively.

• The case W/T Forced Transition 150mu Dots is selected as the baseline. Together with
the free stream values (Re∞ = 2.7 · 106 and Ma∞ = 0.15), it represents the target flow
conditions, which were relevant for subsequent flow field investigations. With respect to
the considered flow tripping cases, the trip dots show the most reasonable characteristics
in terms of leading-edge vortex separation according to "fully"-turbulent boundary-layer
flow, which was requested in the present W/T investigations. Moreover, this case shows
excellent measurement repeatability, both in a short-term and a long-term perspective.

Flow Physics Analysis

• The flow field is characterized by a partly-developed leading-edge vortex, which originates
from a smooth surface separation on the upper wing surface due to the rounded leading-
edge contour. At α = 12◦, the leading-edge vortex formation occurs at approximately
x/cr ≈ 0.300, and more upstream, attached flow is present.

• The time-averaged results in the mean near-wall flow field demonstrate that the leading-
edge vortex is mostly characterized by wake-type vortex core flow with V /U∞ ≤ 0.8.
Corresponding core values of the mean axial vorticity quickly decrease as well after the
large-scale appearance of the leading-edge vortex (ωx · lµ/U∞ ≤ 130). Consequently, the
vortical structure immediately shows vortex bursting tendencies. It is characteristic of this
type of moderately-swept wing configuration with rounded leading-edge contour.

• The fluctuating quantities indicate that the highest local turbulence maxima are already
observed close behind the leading-edge vortex formation. Respective values of the turbulent
kinetic energy are in the order of k ≈ 0.1. Further downstream and towards the trailing
edge, the turbulent fluctuations then decrease. Unsteady flow phenomena occur, which can
be attributed to the helical mode instability of the breakdown flow.
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Longitudinal Aerodynamic Coefficients

• The partly-developed leading-edge vortex influences the lift and drag coefficient character-
istics only to a small extent. A non-linear lift increase due to leading-edge vortex suction
is not visible, as the vortical structure is rather weak. Overall, this results in lift slope
values around CL,α ≈ 2.35. The Lilienthal polar indicates a maximum lift-to-drag ratio of
(CL/CD)max = 14.28, which is observed at α = 4◦. The zero-lift drag coefficient of the
configuration is found at CD,0 = 0.0067.

• The pitching-moment coefficient characteristics are influenced more considerably. With
increasing angle of attack, non-linear effects become obvious, which are caused by the
upstream-moving leading-edge vortex. The derivative of the pitching-moment coefficient,
however, is always negative over the angle-of-attack polar, and shows values of −0.25 ≤
Cmy,α ≤ −0.1.

5.2 Numerical Investigations

5.2.1 Validation of the Numerical Method

Grid Sensitivity Study

The validity of the numerical investigations on the AVT-183 configuration is proven first by a
grid sensitivity study. For the subsequent analysis, three different grid resolutions are relevant,
which have been introduced in Section 4.2.2. The corresponding grid parameters can be obtained
from Table 4.1. The initial wall spacing was chosen equally for the different grids, and therefore
the computed y+ values are discussed on the medium grid resolution only, see Figure 5.20. The
influence of the leading-edge vortex is clearly noticed, as increased y+ values are observed in the
corresponding region close to the wing leading edge. With increasing angle of attack, the flow
separation onset moves upstream, but the maximum y+ values always remain at y+Max ≈ 1.2.
In the inboard wing section and upstream of the leading-edge vortex formation, attached flow
is present. The resulting y+ values are lower and the criterion of y+Max = 1, which is desired
due to the one-equation turbulence model applied in the present research, is completely fulfilled.
Towards the trailing edge, the values decrease even more. Inboard of the leading-edge vortex, a
thin strip of considerably reduced y+ values is present on the diamond wing surface. This region
depicts the footprint of the "inner vortex", which has already been introduced in the results of
the experimental investigations, see Section 5.1.2. Its analysis is also part of the discussion in the
following sections. Furthermore, this region separates the influence zones of the inboard attached
and outboard vortex-dominated flow on the AVT-183 configuration. In summary, the results of
Figure 5.20 demonstrate that the generated grids are well resolved in normal direction close to
the diamond wing surface. With respect to the applied one-equation turbulence model, the initial
wall spacing is thus chosen reasonably.

93



Analysis of Partly-Developed Leading-Edge Vortices

(a) α = 8◦. (b) α = 10◦.

(c) α = 12◦. (d) α = 14◦.

Figure 5.20: CFD validation of the AVT-183 configuration – Computed y+ levels.

Next, the longitudinal aerodynamic coefficients are discussed with respect to grid convergence.
For the angle of attack of α = 12◦, the respective values are presented in Table 5.1 and Fig-
ure 5.21. The experimental results (target flow conditions, case W/T Forced Transition 150mu
Dots) are given as a reference, as both uncorrected and corrected W/T data is stated. Among
themselves, the different grid resolutions show satisfying results. Very similar values are observed
in each case. Between the coarse and the medium grid resolution, differences are only slightly
noticeable. For the fine grid resolution, almost no difference is left anymore, and the aerodynamic
coefficients result in the same values compared to the medium grid resolution. This demonstrates
that grid convergence has already been reached for the medium grid size. Corresponding results
of surface pressures and near-wall flow field characteristics further confirm this conclusion, which
is also valid for other angles of attack. The subsequent analyses in the present research are,
for this reason, exclusively based on results computed for the medium grid resolution. With
respect to the experimental reference data, the agreement between the CFD and the W/T results

Coarse Grid Medium Grid Fine Grid Experiment (Forced)
Resolution Resolution Resolution Transition 150mu Dots

Uncorrected Corrected
CL 0.5573 0.5575 0.5577 0.5167 0.5589
CD 0.0794 0.0800 0.0801 0.0798 0.0887
Cmy -0.0328 -0.0327 -0.0327 -0.0274 -0.0314

Table 5.1: CFD validation of the AVT-183 configuration – Longitudinal aerodynamic coefficients
for different grid resolutions at α = 12◦.
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Figure 5.21: CFD validation of the AVT-183 configuration – Longitudinal aerodynamic coeffi-
cients for different grid resolutions at α = 12◦.

at α = 12◦ depends on whether W/T corrections are applied or not, see Figure 5.21. In this
context, note also the comments on this issue in the following paragraph. Considering the un-
corrected W/T data, the experimental drag coefficient value is almost matched by the numerical
investigations. The computed lift coefficient, however, deviates by approximately 8% from the
measured value, which is rather unusual as CFD can normally predict the lift coefficient quite
accurately. Accordingly, the computed pitching-moment coefficient is also off with about 19%
deviation. If W/T corrections are considered, the computed lift coefficient deviates from the
experimental value by less than 0.5%. A much better agreement is thus observed. The maximum
deviation of the pitching-moment coefficient is this time around 4%. The corrected experimental
drag coefficient, however, is in this case underpredicted in the numerical solution by almost 10%.

Comparison to Experimental Data

The comparison of the computed CFD data and the experimental values is discussed in more de-
tail for the entire angle-of-attack polar, which was considered in the numerical and experimental
investigations, respectively. Figure 5.22 depicts the longitudinal aerodynamic coefficients versus
the angle of attack, and the trends observed at α = 12◦ are therefore highlighted. Considering the
uncorrected W/T results, only the drag coefficient characteristics are predicted accurately with
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Analysis of Partly-Developed Leading-Edge Vortices

increasing angle of attack, see Figure 5.22a. The computed lift and pitching-moment coefficient
characteristics, in contrast, do not coincide with the corresponding experimental values for higher
angles of attack, see Figure 5.22c and Figure 5.22d. The differences are specific for the AVT-183
semi-span model and do not occur in the analyses of the full-span SAGITTA configuration, see
Section 6.1.1. Hence, they may be the result of the semi-span model and its test set-up combi-
nation with the open-jet W/T tunnel facility, which has not been modeled in the free air CFD
computations. Apparently, this effect becomes more relevant for semi-span wing configurations
due to the proximity of the W/T floor. In the context of the AVT-183 investigations, Coppin
et al. presented ideas on corrections of the W/T data, which are motivated by lift interference
effects between the W/T model and the open-jet boundary [35]. Appendix B summarizes the
major points of the applied W/T correction for further information. Overall, a much better
agreement between the numerical and the experimental results is thereby observed over the en-
tire angle-of-attack polar. Both the lift coefficient and the pitching-moment characteristics are
now predicted very accurately in CFD compared to the corrected experimental reference data, see
Figure 5.22c and Figure 5.22d. Thus, the results are very satisfying. As already presented above
for α = 12◦, the drag coefficient characteristics then show some underprediction compared to the
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(b) Drag coefficient, detail view.
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(d) Pitching-moment coefficient.

Figure 5.22: CFD validation of the AVT-183 configuration – Longitudinal aerodynamic coeffi-
cients versus angle of attack α.
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corrected W/T data. However, this is only observed for higher angles of attack, but not close to
the zero-lift drag coefficient CD,0, see Figure 5.22b. The respective results are very close to each
other and hence, the agreement once more confirms the selection of case W/T Forced Transition
150mu Dots as flow tripping method in the W/T experiments. Compared to fully-turbulent CFD
computations, the applied trip dots lead to very similar drag coefficient characteristics, which
supports the assumption of reasonably-tripped flow in the experimental investigations.

The prediction of the leading-edge vortex structure in the near-wall flow field is considered next.
Figure 5.23 and Figure 5.24 present the axial vorticity component and the absolute velocity in
several chordwise sections for two different angles of attack, namely α = 10◦ and α = 12◦. From
now on, the uncorrected W/T data is considered again. The overall comparison of the CFD
computations and the Stereo PIV investigations again demonstrates the agreement between the
numerical and experimental approach. The size of the leading-edge vortex is predicted similarly to
each other, and the associated contour levels are quite comparable. However, the results indicate
a slightly upstream leading-edge vortex formation in the W/T experiments. Both the applied
turbulence model and the used trip dots may contribute to occurring deviations, thus showing
the sensitivity of the flow separation onset. Figure 5.23 further indicates similar levels of the
axial vorticity contours towards the trailing edge in both the numerics and the experiments. The
wake-type character of the leading-edge vortex is also predicted with comparable contour levels,
see Figure 5.24. The "inner vortex", which is clearly noticed in the CFD computations by the
respective footprint inboard of the leading-edge vortex, finally appears in the W/T experiments in
similar size and strength. Especially at α = 10◦, see Figure 5.23a and Figure 5.24a, the footprint

(a) Stereo PIV, α = 10◦. (b) CFD, α = 10◦.

(c) Stereo PIV, α = 12◦. (d) CFD, α = 12◦.

Figure 5.23: CFD validation of the AVT-183 configuration – Axial vorticity contours ωx · lµ/U∞.
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(a) Stereo PIV, α = 10◦. (b) CFD, α = 10◦.

(c) Stereo PIV, α = 12◦. (d) CFD, α = 12◦.

Figure 5.24: CFD validation of the AVT-183 configuration – Absolute velocity contours V /U∞.

is observed up to the most downstream chordwise section that was measured with Stereo PIV.
Due to the earlier leading-edge vortex formation in the experimental investigations, however, the
trajectory of the "inner vortex" is consequently displaced as well.

Finally, the corresponding surface pressure distributions are compared to each other. Figure
5.25 depicts the results of the CFD computations and the W/T experiments in two chordwise
sections and at three angles of attack, respectively. In the downstream section at x/cr = 0.5, the
delayed flow separation onset in the numerical investigations is noticed for all angles of attack,
as the vortex axis is located more outboard and the suction levels of the leading-edge vortex
are slightly more pronounced. The differences become less with increasing angle of attack, and
the CFD and W/T results then match very well. More upstream at the chordwise section of
x/cr = 0.295, the sensitivity of the flow separation onset becomes obvious more considerably. At
α = 12◦, for instance, the leading-edge vortex formation immediately takes place in the W/T
experiments, whereas the CFD data still shows attached flow, see Figure 5.25c. At α = 14◦,
the agreement is found again to be very good, see Figure 5.25e, as the spanwise position of the
pressure reduction at the leading-edge vortex is predicted very accurately. Only the maximum
suction level is different with some offset between the numerics and the experiments.

In summary, the presented plots demonstrate the validity of the numerical method that was
applied in the CFD analyses of the AVT-183 configuration. Compared to the experimental
reference data, the numerical investigations provide reliable results for the leading-edge vortex
formation and progression as well as for the integral aerodynamic values. Depending on the
consideration of W/T corrections and the applied flow tripping in the W/T experiments, however,
slight deviations are noticed, which emphasize the difficulty of the analyzed flow phenomena.
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(a) α = 10◦, x/cr = 0.295.
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(b) α = 10◦, x/cr = 0.5.
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(c) α = 12◦, x/cr = 0.295.
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(d) α = 12◦, x/cr = 0.5.
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(e) α = 14◦, x/cr = 0.295.
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(f) α = 14◦, x/cr = 0.5.

Figure 5.25: CFD validation of the AVT-183 configuration – Surface pressure coefficient cp versus
semi-span y/s(x).

5.2.2 Flow Physics Analysis

The analysis of the leading-edge vortex is extended based on numerical results. Since additional
information in comparison to the W/T experiments is available from the CFD investigations, the
experimental findings can substantially be expanded. Figure 5.26 presents the surface pressure
coefficients including skin-friction lines for three different angles of attack, which range from
α = 10◦ to α = 14◦. The variation of the surface pressure coefficient along the leading edge of
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the semi-span wing is additionally given in each case. Considering the global characteristics, the
existence of the partly-developed leading-edge vortex at the AVT-183 configuration is clearly seen
in Figure 5.26a to Figure 5.26c. On the inboard portion of the diamond wing, the skin-friction
lines show attached flow while the leading-edge vortex (LEV) emerges in the more outboard wing
section. The flow separation moves considerably upstream with increasing angle of attack, and the
leading-edge vortex size and intensity become stronger. A secondary vortex separation induced
by the leading-edge vortex is also observed, see Figure 5.26d to Figure 5.26f. The designated
skin-friction lines of the secondary separation line (SSL) and secondary attachment line (SAL)
are exemplarily marked at α = 14◦. Closely inboard of the primary attachment line (PAL),
converging skin-friction patterns are further present. They arise from confluent boundary layers
of the reattached leading-edge vortex flow and the inboard attached flow that is slightly directed
outboard. The converging skin-friction lines are thus the origin of the "inner vortex" (IV) as
introduced in Section 5.1.2. See also Figure 5.26a to Figure 5.26c for a global view. Contrary
to the leading-edge vortex, however, no discernible pressure footprint is observed on the wing
surface, which is due to the resulting flow topology, see Section 5.2.4.

(a) α = 10◦.

(b) α = 12◦.

(c) α = 14◦.

(d) α = 10◦.

(e) α = 12◦.

(f) α = 14◦.

Figure 5.26: Flow physics analysis of the AVT-183 configuration – Surface pressure coefficient cp
including skin-friction lines.
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Incipient to the large-scale appearance of the leading-edge vortex, distinct sets of curved skin-
friction lines are observed in the leading-edge region, see Figure 5.26d to Figure 5.26f. In each case,
the beginning of the respective region is marked by a condensed number of limiting skin-friction
lines. The entire flow upstream of this location stays attached and exits the diamond wing surface
at the trailing edge. The oncoming flow downstream of the limiting skin-friction lines is initially
attached as well, but it returns more downstream to the leading edge and is thus relevant for the
occurring leading-edge vortex as well as the respective secondary vortex separation. Therefore,
this area is denoted by the incipient separation region of the partly-developed leading-edge vortex.
At α = 12◦, for instance, the limiting skin-friction lines are noticed at x/cr ≈ 0.17, see Figure
5.26b. This is considerably more upstream than the first appearance of the vortical structure in
the surface patterns at x/cr ≈ 0.34. Within the region of incipient separation, the flow separation
onset develops as a three-dimensional separation on boundary-layer level, before it significantly
escapes from the wing surface more downstream. Section 5.2.3 focuses on this aspect in detail.
The corresponding suction levels of the attached flow at the leading edge still increase along the
semi-span in the incipient separation region, see Figure 5.26a to Figure 5.26c. Maximum leading-
edge suction is reached right before the leading-edge vortex finally emanates in the global view.
Thereafter, the leading-edge suction levels decrease again, and the main suction effect moves
inboard to the leading-edge vortex axis.

The corresponding spanwise surface pressure coefficient distributions are highlighted in Figure
5.27. The plots recall the experimental results of Figure 5.10 and summarize the flow phenomena
of the vortical flow field associated with the AVT-183 configuration. In the inboard wing section,
attached flow is present, and more outboard, the upstream-moving leading-edge vortex occurs.

(a) α = 10◦. (b) α = 12◦. (c) α = 14◦.

Figure 5.27: Flow physics analysis of the AVT-183 configuration – Surface pressure coefficient cp
versus semi-span y/s(x).
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The expanding footprints of the surface pressure coefficients with reduced suction levels in the
more downstream wing sections indicate the occurring vortex breakdown, which has already
been discussed by the experimental results at α = 12◦. The plot sequence further shows that this
phenomenon moves upstream with increasing angle of attack as well.

To further demonstrate the development of the vortex breakdown characteristics, related sec-
tional plots of the absolute velocity contours are finally shown in Figure 5.28 and Figure 5.29.
For the angle of attack of α = 12◦, the axial vorticity contours are presented additionally. The
results indicate in all regarded cases the instantaneous wake-type character of the leading-edge
vortex and the continuous expansion of the vortex core region in downstream direction. Distinct
occurrences of jet-type vortex core flow are not present, and vortex bursting tendencies are thus
immediately relevant after the large-scale appearance of the leading-edge vortex. The global
characteristics do not differ with varying angle of attack, but they are less or more distinct due
to the location of the leading-edge vortex formation. Consequently, the results obtained from the
experimental analyses are confirmed in all respects.

(a) α = 10◦, x/cr = 0.295.

(b) α = 10◦, x/cr = 0.405.

(c) α = 10◦, x/cr = 0.500.

(d) α = 10◦, x/cr = 0.600.

(e) α = 14◦, x/cr = 0.295.

(f) α = 14◦, x/cr = 0.405.

(g) α = 14◦, x/cr = 0.500.

(h) α = 14◦, x/cr = 0.600.

Figure 5.28: Flow physics analysis of the AVT-183 configuration – Absolute velocity contours
V/U∞.

102



5.2 Numerical Investigations

Finally, the "inner vortex" is considered again. Figure 5.29a to Figure 5.29d depict the axial
vorticity contours at α = 12◦ and thus refer to the experimental results of Figure 5.11c to
Figure 5.11f. Thanks to the numerical investigations, the entire near-wall flow field information
is accessible in this case. Overall, the sectional cuts show the split-up process of the continuous
boundary layer along the semi-span wing in consequence of the large-scale appearance of the
leading-edge vortex. More downstream, the development of the "inner vortex" structure is thereby
observed. It is associated with a local increase of the inboard near-wall region with increased
axial vorticity levels, see Figure 5.29c and Figure 5.29d. Outboard of the "inner vortex", the axial
vorticity content close to the wing surface is first reduced. Then, the distinct leading-edge vortex
is dominant. The corresponding plots of the absolute velocity contours also show the footprint of
the "inner vortex" in the more downstream chordwise sections, as a wake-type vortex core flow
is locally present close to the wing surface at the respective locations. At α = 14◦, this is best
noticeable, see Figure 5.28f to Figure 5.28h. Additional information on the flow phenomenon can
also be found in Section 5.2.4. There, the formation of the "inner vortex" is discussed by a global
flow topology interpretation of the resulting vortical flow field on the diamond wing configuration.

(a) x/cr = 0.295.

(b) x/cr = 0.405.

(c) x/cr = 0.500.

(d) x/cr = 0.600.

(e) x/cr = 0.295.

(f) x/cr = 0.405.

(g) x/cr = 0.500.

(h) x/cr = 0.600.

Figure 5.29: Flow physics analysis of the AVT-183 configuration – Axial vorticity contours ωx ·
lµ/U∞ and absolute velocity contours V/U∞ at α = 12◦.
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5.2.3 Flow Separation Onset Characteristics

Flow Physics Description

The flow separation onset characteristics in the incipient separation region are discussed for the
angle of attack of α = 12◦. The following analysis presents detail views that considerably zoom
in on the respective wing region. For this reason, Figure 5.30 shows a global view of the flow field
characteristics for comparison, thus highlighting the proportions of the incipient separation region
and the extension of contour slices with increased axial vorticity levels. The flow phenomena on
boundary-layer level, which are discussed below, are thereby set into context to the large-scale
leading-edge vortex that emanates more downstream as a result of the flow separation onset.

Figure 5.30: Flow separation onset characteristics of the AVT-183 configuration – Axial vorticity
contours ωx · lµ/U∞ including skin-friction lines at α = 12◦.

Figure 5.31 depicts the skin-friction lines and additional information of the near-wall flow field in
the incipient separation region. Considering the flow separation onset characteristics, two main
flow phenomena are relevant, see Figure 5.31a. On the one hand, converging skin-friction lines
are observed on the smooth wing surface (1), which indicate the origin of a three-dimensional
separation. On the other hand, converging skin-friction lines are also present closer to (but
not at) the wing leading edge (2). They form the beginning primary separation line (PSL)
of the later occurring leading-edge vortex (LEV). Moreover, these skin-friction lines represent
the separation line of an additional tiny vortex, which is established on boundary-layer level in
consequence of the accelerated flow around the leading edge and the surface pressure gradient
(BLV, 3). Between the primary attachment line of the boundary-layer vortex and the more
inboard converging skin-friction lines, the flow is attached again on the wing surface. Moving
downstream, the boundary-layer vortex is present only for a short run length. At a certain point
(4), the converging skin-friction lines of the more inboard portion return to the leading edge (LE)
and merge together with those of the primary separation line. Thereby, attached flow from far
upstream, which was already located on the wing surface, is driven back to the leading edge,
separates as well and escapes in normal direction similarly to the flow that comes around the
leading edge at this chordwise location (5). From then on and in downstream direction, the
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primary separation line is slightly shifted towards the leading edge, but it never reaches the nose
coordinate due to the rounded leading-edge contour.

Figure 5.31b additionally highlights selected field streamlines that are associated with the rele-
vant surface flow field characteristics in the incipient separation region. In each case, the stream-
lines have been released at appropriate locations that are displaced by only dw,n = 0.005 mm

to the wing surface in normal direction. Consequently, they represent the almost continuous
extension of the skin-friction lines offside the wing surface. One can notice that the large-scale
leading-edge vortex originates from the more inboard smooth surface separation, which forms the
vortical structure by the three-dimensional flow separation on boundary-layer level (6). At this
location, the boundary-layer height is approximately δ99 ≈ 0.002 m. The tiny boundary-layer
vortex is also noticeable and escapes from the wing surface at the location, where both converging
skin-friction patterns merge together (4). Subsequently, the boundary-layer vortex is sucked into
the incipient leading-edge vortex (7), which already shows at this development stage a concen-
trated vortex core. The distinct structure is continuously strengthened by fluid transport of the
upstream attached flow that returns to the leading edge below the vortex core axis and separates
at the primary separation line (8). Thereby, the leading-edge vortex escapes more downstream
significantly from the wing surface and emerges as a visible large-scale vortical structure. The
field streamlines above the emanating leading-edge vortex indicate the closure of the incipient
separation region in normal direction (9). They are mostly aligned with the free stream and bend
above the wing surface in the direction of the primary attachment line of the leading-edge vortex.
Moreover, they do not return to the leading edge any longer. The limiting process towards the
wing surface further shows that the locations of attachment move upstream along the primary
attachment line. Thereby, the condensed skin-friction lines as introduced in Figure 5.26 are built,
which define the beginning of the incipient separation region.

Figure 5.31c finally summarizes the wall-normal expansion of the incipient leading-edge vor-
tex, as the corresponding axial vorticity contour slices are additionally shown. The comparison
of field streamlines and contour slices demonstrates that the leading-edge vortex develops and
mostly remains on boundary-layer level in the incipient separation region. The vortical structure
appears very closely to the wing surface and even the limiting streamlines, which closure the
incipient separation region in normal direction (9), are located within the "attached" boundary
layer as pretended by the axial vorticity contour slices (10). The skin-friction patterns and field
streamlines, however, clearly depict the three-dimensional flow separation in between, from which
the incipient leading-edge vortex is formed. In sum, this proves that the flow separation onset of
the partly-developed leading-edge vortex at the AVT-183 configuration is initiated upstream than
noticeable in the axial contour slices, and it occurs in very close proximity to the wing surface.
At the chordwise position of x/cr = 0.34, a thickened boundary layer is observable for the first
time in the axial vorticity contour slices (11). The absolute velocity in the vortex core is here
intensified to levels of V/U∞ ≈ 1.25, which indicates the transition of the leading-edge vortex to
a large-scale structure (12). The observed location of the first large-scale appearance of the lea-
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(a) Skin-friction lines including axial vorticity contours ωx · lµ/U∞. The contour levels have
been adjusted for the following analysis.

(b) Skin-friction lines including field streamlines colored by absolute velocity V/U∞. The
field streamlines have been released with dw,n = 0.005 mm.

(c) Skin-friction lines including axial vorticity contours ωx · lµ/U∞ and field streamlines
colored by absolute velocity V/U∞.

Figure 5.31: Flow separation onset characteristics of the AVT-183 configuration at α = 12◦ (I).
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ding-edge vortex is thus consistent with the result of the surface pressure footprint in Figure
5.26b. From then on, the leading-edge vortex grows on a large-scale basis. For instance, this
is shown in the more downstream chordwise sections of Figure 5.31c, as the vortical structure
including the separating shear layer is clearly covered by the axial vorticity contour slices. The
leading-edge vortex, however, immediately shows decreasing axial vorticity levels and decreasing
absolute velocities in the vortex core. The wake-type character of the partly-developed leading-
edge vortex, as discussed before, is thus observed again.

The distinct shear effects between the skin-friction lines and field streamlines in the incipient
separation region are discussed next by near-wall velocity profiles. For this purpose, selected
monitor points (MP) are evaluated. Figure 5.32 presents the corresponding results along the
leading-edge vortex core in a three-dimensional view. For every monitor point, the full velocity
profiles including streamwise and crossflow contributions are shown in the local skin-friction-line
coordinate system, see Figure 5.32b and Figure 5.32c. Furthermore, the velocity profiles are each
cut at dw,n = 0.015 m, and they are colored by the respective absolute velocity. Going down-
stream, the velocity profiles precisely indicate the shear effects in the near-wall flow field. Close
to the wing surface, the flow is directed towards the leading edge, whereas it points towards the
almost opposite direction elsewhere. The wall-normal location of the leading-edge vortex core
axis thereby becomes accessible, especially in the more downstream velocity profiles. For six se-
lected monitor points as indicated in Figure 5.32a, the streamwise and crossflow components are
therefore considered in more detail, see Figure 5.33. The corresponding plots depict the respec-
tive two-dimensional velocity profiles in the local skin-friction-line coordinate system separately.
Considering monitor points 3-5, see Figure 5.33a to Figure 5.33c, the formation of the leading-
edge vortex core is demonstrated, since the vortex core axis is aligned almost orthogonally to
the respective local skin-friction-line coordinate systems. Especially for monitor points 4 and 5,
the change of sign in the streamwise velocity profiles usfl indicates the vortex core axis, and it
is located at only dw,n ≈ 0.001 m. Thus, the vortex only acts within the boundary layer, which
height is approximately δ99 ≈ 0.002 m at these locations. The corresponding crossflow velocity
profiles do not differ significantly, but they show high values up to vsfl/U∞ ≈ 1.7 in the near-wall
flow field. Overall, this gives evidence for the strong shear in the region of the incipient leading-
edge vortex. More downstream at monitor points 7-9, the development of the leading-edge vortex
is highlighted, see Figure 5.33d to Figure 5.33f. The growing intensity of the vortical structure
is demonstrated, as the values of the streamwise velocity profiles significantly increase in both
directions close to the wing surface. As expected, the change-of-sign locations move in normal
direction. At monitor point 8, for instance, the vortex core axis is located at dw,n ≈ 0.003 m,
and the peak values of the streamwise velocity profile are in the range of −1.1 ≤ usfl/U∞ ≤ 1.6.
From this location on, also the crossflow velocity profiles change compared to the previous ones.
The shear effects close to the wing surface are reduced, as the momentum is slightly displaced
away from the wing surface. This shows the normal escape of the leading-edge vortex from the
incipient separation region, which finally results in the large-scale vortical structure.
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(a) Skin-friction lines including field streamlines colored by absolute velocity V/U∞ and
monitor points for near-wall velocity profile evaluation.

(b) Skin-friction lines including near-wall velocity profiles colored by absolute velocity V/U∞
that are located along the leading-edge vortex core (front view).

(c) Skin-friction lines including near-wall velocity profiles colored by absolute velocity V/U∞
that are located along the leading-edge vortex core (rear view).

Figure 5.32: Flow separation onset characteristics of the AVT-183 configuration at α = 12◦ (II).
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(a) Monitor point 3.
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(b) Monitor point 4.
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(c) Monitor point 5.
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(d) Monitor point 7.
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(e) Monitor point 8.
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(f) Monitor point 9.

Figure 5.33: Flow separation onset characteristics of the AVT-183 configuration at α = 12◦ –
Near-wall velocity profiles in streamwise and crossflow direction along the leading-
edge vortex core.

Figure 5.34 presents further near-wall velocity profiles along one particular skin-friction line,
which passes the incipient separation region. Due to the induction of the leading-edge vortex, the
shear effects in the near-wall flow field are noticed best in the proximity of the vortex core location
around monitor point 18, see Figure 5.34b. More upstream along the skin-friction line, distorted
velocity profiles are present as well close to the wing surface, but the shear effects occur not as
obvious due to the global orientation of the local coordinate system at those locations, see Figure
5.34c. To obtain the corresponding velocity profiles more precisely, they are shown separately in
two-dimensional plots for six selected monitor points, see Figure 5.35. At the first monitor point
15, this time both the streamwise and crossflow velocity profiles exhibit only positive values, since
the global orientation of the skin-friction line just starts to turn back towards the leading edge.
The boundary-layer height is approximately δ99 ≈ 0.004 m in this region. The streamwise velo-
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(a) Skin-friction lines including field streamlines colored by absolute velocity V/U∞ and
monitor points for near-wall velocity profile evaluation.

(b) Skin-friction lines including near-wall velocity profiles colored by absolute velocity V/U∞
that are located along one particular skin-friction line (front view).

(c) Skin-friction lines including near-wall velocity profiles colored by absolute velocity V/U∞
that are located along one particular skin-friction line (rear view).

Figure 5.34: Flow separation onset characteristics of the AVT-183 configuration at α = 12◦ (III).
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(a) Monitor point 15.

−2 −1 0 1 2
0

0.0025

0.005

0.0075

0.01

u
sfl

/U
∞

 [−]

d
w

,n
 [

m
]

−2 −1 0 1 2
0

0.0025

0.005

0.0075

0.01

v
sfl

/U
∞

 [−]

d
w

,n
 [

m
]

(b) Monitor point 16.
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(c) Monitor point 17.
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(d) Monitor point 18.
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(e) Monitor point 19.
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(f) Monitor point 20.

Figure 5.35: Flow separation onset characteristics of the AVT-183 configuration at α = 12◦ –
Near-wall velocity profiles in streamwise and crossflow direction along one particular
skin-friction line.

city profiles of the next monitor points 16 and 17 show a local maximum close to the wing surface
and locally-decreasing values in normal direction, see Figure 5.35b to Figure 5.35c. The change
of sign is finally noticed at monitor point 18, see Figure 5.35d, as it is located close to the leading-
edge vortex core and the orientation of the local coordinate system is almost orthogonal to the
vortex axis. Moreover, the curve fits to those of the adjacent monitor points 5 and 7 as discussed
in Figure 5.33. The crossflow velocity profile at monitor point 18 contains more momentum
close to the wing surface than the previous ones, and this trend is amplified towards the location
of the primary separation line close to monitor point 19, see Figure 5.35e. There, the positive
streamwise component near the wing surface additionally drops out, as the flow separates at
the primary separation line and changes almost the entire flow orientation in normal direction.
This is also shown in the velocity profiles at monitor point 20, which is already located along the
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Analysis of Partly-Developed Leading-Edge Vortices

primary separation line. Due to the reorientation of the skin-friction line and the local coordinate
system, the crossflow component then describes the distinct flow deviation, which is induced by
the flow separation at the primary separation line. At this location, the crossflow values increase
up to vsfl/U∞ ≈ 2.4 close to the wing surface. Further downstream, no significant changes are
observed in the velocity profiles any longer, since the skin-friction line stays aligned with the
primary separation line up to the wing-tip section.

Angle-of-Attack Development

The flow separation onset characteristics in the incipient separation region as observed at α = 12◦

are likewise found for different angles of attack. There, the flow phenomena occur more up- and
downstream, respectively. Consequently, they are characteristic of the AVT-183 configuration,
and more generally for a moderately-swept wing configuration with rounded leading edge. In a
detailed consideration, minor differences are however present over the angle-of-attack polar. For
this reason, Figure 5.36 summarizes the locations of characteristic points on the diamond wing
surface versus the angle of attack. On the one hand, designated locations as presented in Figure
5.31a are shown, namely the converging skin-friction lines (1), the origin of the primary separation
line (2) and the merging point (4), where the lines (1) and (2) merge together. On the other hand,
also the location of the limiting skin-friction lines at the leading edge as introduced in Figure
5.26d to Figure 5.26f is stated each, since it indicates the beginning of the incipient separation
region. Considering the results of the chordwise and spanwise locations, the curves show the same
trends, but they are slightly shifted. For this reason, the chordwise ratio x/cr is referenced only in
the continuing discussion. Overall, the curves demonstrate that the converging skin-friction lines
on the smooth wing surface and the merging point move upstream more distinctly with increasing
angle of attack than the origin of the primary separation line. In consequence, this implies a more
pronounced role of the boundary-layer vortex at lower angles of attack and vice versa. At α = 8◦,
the beginning of the primary separation line is located at x/cr = 0.362, which is upstream of the
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Figure 5.36: Flow separation onset characteristics of the AVT-183 configuration – Location of
characteristic points versus angle of attack α.
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5.2 Numerical Investigations

more inboard converging skin-friction lines at x/cr = 0.431. This is also noticeable from Figure
5.37a, which depicts the flow separation onset characteristics at α = 8◦ in a three-dimensional
view. With increasing angle of attack, the run length of the boundary-layer vortex is reduced,
whereas the gap between the converging skin-friction lines on the smooth wing surface and the
merging point remains rather constant with ∆x/cr ≈ 0.037, see Figure 5.36. As a result, the
curves intersect at α ≈ 12◦, where both characteristic points occur at x/cr = 0.263. From then
on, the converging skin-friction lines occur upstream of the origin of the primary separation line.
At α = 16◦, the converging skin-friction lines are observed at x/cr = 0.127, and the primary
separation line starts at x/cr = 0.151. Overall, this results in the flow field characteristics as
shown in Figure 5.37b.

At the angle of attack of α = 8◦, the limiting skin-friction lines of the incipient separation region
further start downstream of the boundary-layer vortex formation, see Figure 5.37a. Compared

(a) α = 8◦.

(b) α = 16◦.

Figure 5.37: Flow separation onset characteristics of the AVT-183 configuration – Skin-friction
lines including field streamlines colored by absolute velocity V/U∞.
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Analysis of Partly-Developed Leading-Edge Vortices

to the resulting flow physics at α = 12◦ and α = 16◦, see Figure 5.31b and Figure 5.37b, the
changed location of the limiting skin-friction lines is directly noticeable (13). In this case, the
first occurrence of the incipient separation region is marked by the emerging boundary-layer
vortex. With increasing angle of attack, the leading-edge location of the limiting skin-friction
lines moves upstream with respect to the origin of the primary separation line, see Figure 5.36.
Thus, the skin-friction patterns as observed in Figure 5.31b and Figure 5.37b are relevant again.
The upstream movement of the limiting skin-friction lines is slightly more pronounced than that
of the characteristic points (1) and (4). As a result, the incipient separation region grows in size
with increasing angle of attack. For α ≥ 14◦, the gradient of the corresponding curves is finally
reduced, since the beginning of the incipient separation region already reaches the peniche of the
diamond wing configuration. Thereby, the upstream movement of the flow separation onset is
attenuated.

5.2.4 Flow Topology Interpretation

Subsequent to the flow physics analysis and the description of the flow separation onset charac-
teristics, the flow topology associated with the flow field around the AVT-183 configuration is
discussed. The results presented in the previous sections have shown the complex formation of the
partly-developed leading-edge vortex, its progression as a large-scale structure on the diamond
wing surface, and other occurring flow phenomena such as the "inner vortex". For a complete
flow-physical interpretation of three-dimensional separation effects and attached flow regions,
the topological rules as introduced in Section 2.2 must be valid. At this point, Equation 2.5 is
recalled, which describes the topological rule for a cross-flow plane cutting a three-dimensional
body. For the continuing discussion, it is rewritten as

∑
N −

∑
S +

1

2

∑(
N ′

A +N ′
S

)
− 1

2

∑(
S′
A + S′

S

)
= −1 . (5.1)

Figure 5.38 to Figure 5.40 depict the final flow topology interpretation, which has been derived
from the findings of the previous sections. The topological interpretation is further based on
sectional contour streamline data, from which the flow direction around the diamond wing surface
has been accessible at each location. The peniche is not accounted for in the evaluation of the
topological rule, but the semi-span wing is theoretically mirrored to fulfill the equation. For a
better representation of the associated flow phenomena, finally the sectional drawings are not
true to scale, especially in the incipient separation region.

At first, the leading-edge vortex formation is considered, see Figure 5.38a. The sketch highlights
the two characteristic structures for the vortex development, namely the tiny boundary-layer
vortex and the more inboard three-dimensional flow separation that forms the leading-edge vortex
core. Due to the rounded leading-edge contour, both structures occur on the wing surface as
smooth surface separations. More downstream, they merge together and the leading-edge vortex
finally appears as a continuously-growing large-scale structure. The corresponding flow topology
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(a) Front view.
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(b) Rear view (I).
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to off-body saddle
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(c) Rear view (II).

Figure 5.38: Flow topology interpretation of the AVT-183 configuration at α = 12◦ – Three-
dimensional views.
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in two associated chordwise sections is presented in Figure 5.39a and Figure 5.39b. In the more
upstream chordwise section at x/cr = 0.275, the two smooth surface separations are noticeable.
In between, the flow reattaches to the wing surface. Inboard of the inner vortical formation,
however, the flow does not reattach again, but a saddle point is observed in the near-wall flow
field. In consequence, the flow in the inboard wing section is directed outward close to the wing
surface, and the plane of symmetry is represented by a half-node of separation. Due to the flow
reorientation prescribed by the saddle point, the inboard flow further moves back towards the
symmetry plane in normal direction offside the wing surface. The topological observation thus
indicates a strong flow shear in this region. In the second chordwise section at x/cr = 0.325,
the two emanating vortices have merged and the point of separation slightly moves towards the
leading edge. Apart from that, the same singular points as observed before are found. The
saddle point and the separation half-nodes in the symmetry plane though attract attention, since
they do not occur in classical singular-point arrangements associated with highly-swept delta
wing configurations and sharp leading edges. Hence, they must be the result of the changed flow
field characteristics induced by the rounded leading edge and the reduced wing sweep, which
accumulates to the existence of the incipient separation region.
Next, the large-scale progression of the leading-edge vortex is discussed, see Figure 5.38b. The

vortical structure grows in size and intensity, which comes along with a vertical and inward
displacement of the vortex core axis in downstream direction. Furthermore, the secondary vor-
tex is formed in consequence of the pressure gradient towards the primary separation line. It
acts as a counter-rotating vortical structure close to the diamond wing surface. Figure 5.39c
and Figure 5.39d depict the associated flow topology interpretation in additional chordwise sec-
tions. At x/cr = 0.375, the singular-point arrangement does not change to the previous sectional
cut, but the shape of the leading-edge vortex is different due to the large-scale appearance. At
x/cr = 0.425, the flow topology interpretation then becomes more complex. On the one hand, the
secondary vortex is now present in the flow topology pattern. It involves an additional focus that
is counted as a node, and a half-saddle of separation and attachment, respectively. On the other
hand, the inboard flow field significantly changes in the sectional consideration, which leads to a
modification of the singular points in the inboard wing section. In the plane of symmetry, the sur-
face points on both the pressure and the suction side alter to attachment half-saddles. Moreover,
a saddle point is present on the suction side, which is fed by the off-body saddle point located
close to the leading-edge vortex. In consequence, the wing surface features additional singular
points that represent separations of half-node and half-saddle type, respectively. Designated con-
tour streamlines finally indicate a distinct rotation center close to the plane of symmetry, which
is counted as a focus and is fed by the separation half-saddle. Altogether, the topological rule is
valid and the flow directions of associated contour streamlines are considered to the full extent.
Figure 5.38c resolves the singular points for a better consideration in a three-dimensional view.
The connection to the skin-friction patterns at the wing surface is thereby highlighted. It turns
out that the primary attachment line of the leading-edge vortex as introduced in Figure 5.26 is
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Figure 5.39: Flow topology interpretation of the AVT-183 configuration at α = 12◦ – Sectional
cuts (I).
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in fact a separation line. The flow separation of half-node type thus links the wing surface with
the saddle point in the near-wall flow field, where the leading-edge vortex in fact "reattaches".
The more inboard separation half-saddle is connected to the converging skin-friction lines, at
which the "inner vortex" finally develops more downstream. From a topological point of view,
the flow does formally not attach before the plane of symmetry in this chordwise section. With
respect to the actual flow field, however, the observed rotation in the sectional view just depicts
the flow shear in the near-wall flow field of the inboard wing section. This is schematically
indicated in Figure 5.38c by the near-wall field streamlines in various chordwise sections. In this
context, the corresponding rotation centers define the locations, at which the passing streamlines
do not feature any lateral and normal velocity component, either. As a result of the occurring
flow shear and the wing surface curvature, the center of rotation moves outward in downstream
direction. This is also noticeable in the sectional flow topology interpretation at x/cr = 0.500,
see Figure 5.40a. Compared to the previous sectional cut, the same singular points are relevant,
but the vortical structures become more distinct and the rotation center of the inboard flow shear
is shifted towards the separation half-saddle. Slightly more downstream, the center of rotation
finally aligns with the converging skin-friction lines that are formed due to the confluent boundary
layers, see Figure 5.38c. From then on, the rotation center is almost stable in spanwise direction.
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(a) x/cr = 0.500.
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(b) x/cr = 0.600.

Figure 5.40: Flow topology interpretation of the AVT-183 configuration at α = 12◦ – Sectional
cuts (II).
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At the chordwise position of x/cr = 0.600, another change in the sectional flow topology is
finally observed, see Figure 5.40b. The half-saddle separation of the inboard flow shear region
alters to a combination of attachment half-node and off-body saddle point in the near-wall flow
field. Consequently, the flow separation is displaced from the wing surface to the near-wall flow
field and the converging skin-friction lines now define an attachment line. Simultaneously, this
bears consequences to the flow topology of the leading-edge vortex. This time, the flow directly
reattaches at the wing surface by an attachment half-saddle that replaces the off-body saddle point
and the separation half-node. See in this context also the experimental PIV results of Figure 5.12k
and Figure 5.12l, which show the same transformation and thus confirm the numerical findings.
The contour streamlines that enclose the designated attachment streamline therefore feed the
inboard off-body saddle point and restrict the region, in which the rotation center of the flow
shear is concentrated. The "inner vortex" is thereby formed, but the structure does not feature
increased axial fluid transport due to the off-body development, compare Figure 5.28 and Figure
5.29. Altogether, the topological interpretation is thus consistent with the observed flow field
characteristics. Figure 5.38c summarizes the modified types of the singular points along the
designated skin-friction lines in the downstream wing sections. The off-body separation and the
vortex sheet of the "inner vortex" are also highlighted in this context.

5.2.5 Synthesis

This section has covered the numerical investigations of the AVT-183 configuration, and the dis-
cussion has mainly concentrated on the angle of attack of α = 12◦. Based on the experimental
results, the numerical method has been validated first. Then, a flow physics analysis has been pre-
sented, which supports the experimental findings of Section 5.1. Thereafter, the flow separation
onset characteristics have been evaluated. The formation of the leading-edge vortex in the incip-
ient separation region has thereby been characterized. Finally, a flow topology interpretation of
the flow field characteristics has been derived, summarizing the findings on the partly-developed
leading-edge vortex at the AVT-183 configuration. Altogether, the following conclusions can thus
be drawn:

Validation of the Numerical Method

• The chosen numerical set-up results in reliable predictions of the flow field characteristics
and the integral aerodynamic coefficients. The medium grid resolution (15.4·106 grid points,
initial wall-normal spacing of 0.003 mm) is sufficient to achieve grid independence.

• The corresponding numerical results are in very good agreement with experimental data,
especially with respect to the flow field investigations. The integral values of the computed
lift and pitching-moment coefficients slightly deviate from the experimental values. If appro-
priate W/T corrections are considered additionally, the agreement between the numerical
and experimental results is significantly increased.
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Flow Physics Analysis

• The numerical investigations expand the experimental results by additional information that
is accessible at the wing surface and within the flow field. The skin-friction patterns on
the diamond wing surface depict all relevant flow phenomena, such as the partly-developed
leading-edge vortex, the secondary vortex separation, the inboard attached flow, and the
"inner vortex" induced by confluent boundary layers in the inboard rear wing section.

• Upstream of the visible appearance of the leading-edge vortex, the vortical structure de-
velops on boundary-layer level in the incipient separation region (δ99 ≈ 0.002 m). The
area is confined by limiting skin-friction lines, which define whether the flow remains in
the inboard wing section or is relevant for the smooth surface separation with leading-edge
vortex formation. At α = 12◦, the incipient separation region begins at x/cr ≈ 0.17 while
the first large-scale appearance of the vortical structure is at x/cr ≈ 0.34.

• The instantaneous wake-type character of the leading-edge vortex is confirmed by the nu-
merical results. Closely downstream of the "visible" appearance of the vortical structure, the
absolute velocity in the vortex core flow is already reduced and shows values of V/U∞ ≤ 0.8.
The corresponding values of the axial vorticity further prove the vortex bursting tendencies,
as they decrease significantly towards the more downstream wing sections.

Flow Separation Onset Characteristics

• Two main flow field phenomena are relevant for the leading-edge vortex formation in the
incipient separation region. On the one hand, converging skin-friction lines on the smooth
wing surface induce a three-dimensional flow separation, which is the origin of the leading-
edge vortex core (x/cr ≈ 0.26). On the other hand, a tiny boundary-layer vortex is observed
at approximately the same chordwise location, but closer to the wing leading edge. It
is present only for a short run length and later feeds the emerging leading-edge vortex.
Thereby, the origin of the primary separation line is defined.

• The leading-edge vortex remains within the incipient separation region on boundary-layer
level. It is disconnected from the wing surface and is not discernible in the skin-friction
patterns. At α = 12◦, the expansion of the vortex core axis in normal direction is around
dw,n ≈ 0.003 m. At x/cr ≈ 0.34, the vortical structure finally appears as a large-scale
leading-edge vortex and escapes significantly from the wing surface.

• The analysis of near-wall velocity profiles shows strongly distorted flow directions in the
proximity of the wing surface. Attached flow from far upstream in the incipient separation
region returns below the leading-edge vortex core axis to the wing leading edge and separates
at the primary separation line. Thereby, the vortical structure is fed and grows in size and
intensity.
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• The flow separation onset characteristics do not differ with the angle of attack, but the
relative location of the more inboard converging skin-friction lines alters compared to the
beginning of the primary separation line. At lower angles of attack, the boundary-layer
vortex is more distinct and occurs upstream of the converging skin-friction lines. With
increasing angle of attack, the opposite case is noticed, as the run length of the boundary-
layer vortex is significantly reduced.

Flow Topology Interpretation

• The evaluation of the corresponding topological rule in sectional cuts confirms the complex
flow topology of the associated vortical flow field. All relevant flow phenomena are captured
by respective singular points, but the observed arrangements change from upstream to
downstream chordwise sections. To the author’s information, this is beyond the state-of-the-
art knowledge. The findings are characteristic of moderately-swept and vortex-dominated
wing configurations with rounded leading-edge contour.

• After its formation, the leading-edge vortex does at first not reattach to the wing surface,
but to an off-body saddle point within the near-wall flow field. Therefore, diverging skin-
friction lines in this region mark a separation line of half-node type instead of an attachment
line of half-saddle type.

• More downstream, the "inner vortex" is formed by confluent boundary layers, which diverge
along an off-body line of saddle points. The converging skin-friction lines on the wing surface
thus define an attachment line of half-node type, which is connected to the off-body saddle
points. The flow topology of the leading-edge vortex thereby alters as well, and the flow
reattaches again with an attachment half-saddle to the wing surface.
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Chapter 6

Passive Flow Control by Leading-Edge
Contour Modifications

This chapter presents the overall results that were derived for the SAGITTA configuration. First
of all, the reference configuration SG Geo 1 is considered in detail, see Section 6.1. The numerical
method is validated and the aerodynamic characteristics of the diamond wing configuration are
discussed based on experimental and numerical results. Both the longitudinal and the lateral
motion are regarded. The analysis includes aerodynamic forces and moments, surface pressures,
and near-wall flow field data. The section thus constitutes the basis for the further analysis in
the present chapter. The following sections concentrate on numerical results only. Section 6.2
depicts the flow physics of the diamond wing configurations with completely sharp and rounded
leading edges, namely SG Geo 5 and SG Geo 6. The differences in the flow field characteristics
and the aerodynamic coefficients compared to the reference configuration SG Geo 1 are assessed,
especially with respect to the longitudinal stability behavior. In the context of the overall analysis,
these leading-edge shape configurations represent comparison cases, which are used to identify
and evaluate differences in the aerodynamic characteristics of wing configurations with spanwise-
varying leading-edge contours. Three of them are treated in Section 6.3 and Section 6.4, namely
the corresponding configurations SG Geo 2 to SG Geo 4. To some extent, they were already
regarded in a pre-publication of the author [67]. The focus of the present discussion is laid on
the detailed near-wall flow field analysis and the stability behavior in the longitudinal motion.
The occurring flow phenomena associated with the spanwise-varying leading-edge contours are
thereby investigated. In comparison to the reference configuration SG Geo 1, concepts of passive
flow control by leading-edge contour modifications are thus assessed.

6.1 Reference Configuration

6.1.1 Validation of the Numerical Method

In accordance with the investigations on the AVT-183 configuration, a grid sensitivity study was
carried out for the SAGITTA configuration to validate the accuracy of the computed results.
Three different grid resolutions as introduced in Section 4.2.2 are considered for the reference
configuration SG Geo 1. Subsequently, the computed data is compared to experimental values.
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Grid Sensitivity Study

Figure 6.1 depicts the overall y+ values for the medium grid resolution with increasing angle of
attack. Since the different grids each share the same initial wall spacing, the y+ values of the
coarse and the fine grid resolution are not shown. The criterion of y+Max = 1 is matched quite
well on the wing surface over the entire angle-of-attack polar. Close to the inboard sharp leading
edge, increased y+ values are noticed in the region of the emerging leading-edge vortex. With
increasing angle of attack, the y+ values reach the target value of y+Max = 1, but the maximum
values do not exceed y+Max ≈ 1.2. At the angle of attack of α = 24◦, see Figure 6.1d, the
increased y+ values in the midboard wing section additionally give indication for a second vortex
separation, which occurs on the smooth surface offside the leading edge. In the wing-tip region,
considerably decreased y+ values are observed, which is due to occurring flow separation effects.
In sum, Figure 6.1 confirms that the desired wall resolution of y+Max = 1 is mostly ensured for
the entire angle-of-attack polar. This demonstrates a reasonable choice of the initial wall spacing
that was applied in the grid generation process of the SAGITTA configuration.

Next, the CFD computations of the different grid resolutions are discussed with respect to
the aerodynamic coefficients. For the angle of attack of α = 12◦, the longitudinal force and
moment coefficients are exemplarily presented, see Table 6.1 and Figure 6.2. The corresponding
experimental results of the case W/T Forced Transition 150mu Dots are stated as well. This time,
the uncorrected W/T data is presented exclusively, since W/T corrections are not needed in this
case. Considering the numerical results, the values of the aerodynamic coefficients CD and CL

vary only slightly between the coarse and the medium grid resolution. For the fine grid resolution,
even the same values are derived. The pitching-moment coefficient Cmy is predicted almost

(a) α = 12◦. (b) α = 16◦.

(c) α = 20◦. (d) α = 24◦.

Figure 6.1: CFD validation of configuration SG Geo 1 – Computed y+ levels.
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identically by all the different grid resolutions. Compared to the experimental reference data, the
three grid resolutions provide similar values, respectively. Overall, the agreement between the
CFD and the W/T results is thus very satisfying. The lift coefficient CL deviates from the W/T
experiment at α = 12◦ by only 0.5%, and the maximum deviation of the drag coefficient CD is
less than 3%. The pitching-moment coefficient Cmy shows a deviation of approximately 8% to
the W/T experiment at α = 12◦. Due to the small absolute value and the known sensitivity of
the pitching-moment coefficient, however, the result is still sufficiently accurate. Further analyses
of the aerodynamic coefficients, the surface pressures, and the near-wall flow field characteristics

Coarse Grid Medium Grid Fine Grid Experiment (Forced
Resolution Resolution Resolution Transition 150mu Dots)

CL 0.4743 0.4739 0.4739 0.4761
CD 0.0611 0.0620 0.0620 0.0603
Cmy -0.0363 -0.0363 -0.0362 -0.0335

Table 6.1: CFD validation of configuration SG Geo 1 – Longitudinal aerodynamic coefficients for
different grid resolutions at α = 12◦.
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(c) Pitching-moment coefficient.

Figure 6.2: CFD validation of configuration SG Geo 1 – Longitudinal aerodynamic coefficients
for different grid resolutions at α = 12◦.
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confirm the grid independence of the CFD computations for different angles of attack, at least
for the medium and the fine grid resolution. Based on the comparison of the resulting differences
and the required computational effort, the medium grid resolution was therefore selected as the
baseline grid for the further CFD computations. For this reason, the grids of the other regarded
configurations SG Geo 2 to SG Geo 6 were generated with the parameter set of the medium grid
resolution of configuration SG Geo 1, see Section 4.2.2. In this context, Table 4.3 summarizes
the resulting total number of grid points for all considered cases of the SAGITTA configuration.

Comparison to Experimental Data

To expand the comparisons of numerical results and experimental reference data, further inves-
tigations are presented. At first, the longitudinal force and moment coefficients of the reference
configuration SG Geo 1 are shown for both the CFD and the W/T results versus the angle of
attack, see Figure 6.3. The experimental data corresponds to the case with flow tripping (case
W/T Forced Transition 150mu Dots), and the numerical results are given for the medium grid
resolution. The overall agreement between both data sets is found to be very good. For the lift
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(b) Drag coefficient, detail view.
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(d) Pitching-moment coefficient.

Figure 6.3: CFD validation of configuration SG Geo 1 – Longitudinal aerodynamic coefficients
versus angle of attack α.
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coefficient, an excellent match is observed over the entire angle-of-attack polar, see Figure 6.3c.
The corresponding lift slope is about CL,α ≈ 2.3, but beginning with α ≈ 20◦, it slightly decreases.
The stall angle of attack is however not reached before αmax = 36◦, which was observed in pre-
liminary numerical analyses of the SAGITTA configuration. For comparison, Figure 6.4 depicts
the associated results, and the maximum lift coefficient is obtained at CL,max ≈ 1.17. The drag
coefficient characteristics are also predicted very accurately by the CFD investigations, see Figure
6.3a. With regard to low angles of attack, only small deviations are noticed, see Figure 6.3b.
Moreover, the zero-lift drag coefficient is computed very similarly to the experimental value, which
was obtained due to the application of the trip dots (CD,0,W/T = 0.0099, CD,0,CFD = 0.0091).
The general effect of flow tripping at the SAGITTA configuration compared to the free transi-
tion case can be found in Reference [67]. The pitching-moment coefficient exhibits a small offset
between both data sets as introduced above. However, the deviations remain constant over the
entire angle-of-attack polar, see Figure 6.3d. A sufficient accurate match is thereby obtained.
The corresponding pitching-moment slope ranges between −0.35 ≤ Cmy,α ≤ −0.15. The lower
values are observed with increasing angle of attack. In sum, the generated grids and the applied
numerical parameters thus lead to very reliable predictions of the longitudinal aerodynamic coef-
ficients. For the lateral motion, this holds likewise, especially for low to medium angles of attack.
In this context, Appendix C presents the lateral aerodynamic coefficients for a sideslip angle of
β = −10◦. Up to α ≈ 10◦, very good correlations are found. With increasing angle of attack,
deviations between the CFD and the W/T results become obvious, thus showing differences in
the prediction of the occurring asymmetric flow phenomena. The reliability of the numerical
method, however, is therefore not impaired.

Next, the longitudinal flow field characteristics are considered. Figure 6.5 and Figure 6.6
depict them for three different angles of attack. The experimental data is shown on the left-hand
side and originates from the conducted Stereo PIV investigations. The right-hand side depicts
the numerical results. Similar to the prediction of the longitudinal aerodynamic coefficients, the
agreement between the CFD and the W/T results is found to be very good. With increasing angle
of attack, the flow field is characterized by an inboard leading-edge vortex, which originates from
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Figure 6.4: CFD validation of configuration SG Geo 1 – Lift coefficient versus angle of attack α.

127



Passive Flow Control by Leading-Edge Contour Modifications

(a) Stereo PIV, α = 12◦. (b) CFD, α = 12◦.

(c) Stereo PIV, α = 16◦. (d) CFD, α = 16◦.

(e) Stereo PIV, α = 24◦. (f) CFD, α = 24◦.

Figure 6.5: CFD validation of configuration SG Geo 1 – Axial vorticity contours ωx · lµ/U∞.

the inboard sharp leading edge, and an outboard region of irregular separated flow, which finally
alters to a midboard leading-edge vortex. In this context, Section 6.1.2 presents a detailed flow
physics analysis for configuration SG Geo 1. The two flow phenomena are predicted very similarly
in both the numerics and the experiments. The intensity levels of the axial vorticity component
in Figure 6.5 and the absolute velocity in Figure 6.6 further highlight the good agreement of the
CFD analyses in comparison to the W/T investigations. Just for the inboard leading-edge vortex
core flow, less distinct velocity deficits are observed in the numerical predictions. Furthermore,
the CFD analyses show a slightly larger midboard and outboard separation region.

Finally, the surface pressure coefficients are compared to each other. Figure 6.7 depicts experi-
mental and numerical results for the three angles of attack as considered above. On the left-hand
side, the chordwise section of x/cr = 0.2 is regarded. On the right-hand side, the results obtained
at x/cr = 0.5 can be found. Overall, the plots again indicate the good agreement between the
CFD and the W/T results. At the chordwise section of x/cr = 0.2, one can notice the pressure
peak of the inboard leading-edge vortex at approximately y/s(x) ≈ 0.8. Due to the transition

128



6.1 Reference Configuration

(a) Stereo PIV, α = 12◦. (b) CFD, α = 12◦.

(c) Stereo PIV, α = 16◦. (d) CFD, α = 16◦.

(e) Stereo PIV, α = 24◦. (f) CFD, α = 24◦.

Figure 6.6: CFD validation of configuration SG Geo 1 – Absolute velocity contours V /U∞.

from the sharp to the rounded leading-edge shape, the structure has detached from the leading
edge. See also Section 6.1.2 for a more detailed analysis. The position and the strength of the
inboard leading-edge vortex are predicted quite comparably by both approaches. Moreover, the
leading-edge suction peaks fit well together. In particular, this is noticed for the more downstream
chordwise section at x/cr = 0.5. Only for higher angles of attack, at which the outboard flow
separation moves upstream, small deviations can be observed between the results of the CFD
investigations and the W/T experiments. To emphasize the agreement of the surface pressure
predictions even more, Appendix C states additional results with present sideslip angle. With in-
creasing angle of attack, slight differences become obvious in the computed and measured results
while otherwise the agreement is satisfying.

In summary, the present section proves the overall validity of the numerical method that was
applied in the CFD analyses. Compared to the W/T results, the occurring vortical structures in
the flow field are predicted well. Consequently, the numerical set-up used for the reference config-
uration SG Geo 1 was also applied to the other considered cases of the SAGITTA configuration.
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(a) α = 12◦, x/cr = 0.2.
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(b) α = 12◦, x/cr = 0.5.
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(c) α = 16◦, x/cr = 0.2.
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(d) α = 16◦, x/cr = 0.5.
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(e) α = 24◦, x/cr = 0.2.
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(f) α = 24◦, x/cr = 0.5.

Figure 6.7: CFD validation of configuration SG Geo 1 – Surface pressure coefficient cp versus
semi-span y/s(x).

6.1.2 Flow Physics Analysis

Longitudinal Motion

The overall flow phenomena associated with the reference configuration SG Geo 1 are presented
for the longitudinal motion. Figure 6.8 depicts the surface pressure coefficient distributions and
axial vorticity contours in different chordwise sections. In addition, field streamlines are shown,
which were released close to the leading edge. The flow physics is evaluated for the angles of attack
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of α = 8◦ to α = 24◦. According to the four different leading-edge (LE) segments in spanwise
direction as introduced in Figure 1.10, the occurring flow phenomena are each discussed. In
the most inboard (IB) wing section, namely LE segment I, the leading-edge contour is of sharp
type. Already at α = 8◦, a leading-edge vortex is thereby present. In the further analysis, this
vortex is termed IB LE vortex. At the transition from the sharp leading edge to the rounded
leading-edge contour of LE segment II, see for instance Figure 6.8f, the IB LE vortex detaches
from the leading edge and the vortex axis is shifted in chordwise direction. This is caused by
the attached flow in LE segment II as indicated in Figure 6.8a. With increasing angle of attack,
the IB LE vortex grows in size and intensity. Close to the sharp leading edge, the corresponding
suction levels rise considerably in this context, see Figure 6.8a to Figure 6.8e. The associated
axial vorticity contours show high values, especially in the vortex core region close to the sharp
leading edge. Once the IB LE vortex moves downstream on the diamond wing surface, the axial
vorticity decreases in the vortex core region, see Figure 6.8f to Figure 6.8j.

The other leading-edge segments of configuration SG Geo 1 exclusively feature rounded leading-
edge contours. Consequently, attached flow is present in these wing sections at the moderate angle
of attack of α = 8◦. The large leading-edge radius of the 12% relative thickness NACA airfoil
does not promote any vortex formation. In the outboard wing section, a beginning leading-edge
separation is noticed, see Figure 6.8a. However, it is attributed to the short wing-tip section and
the resulting adverse pressure gradient. With increasing angle of attack, this separation region
grows in size and forms an irregular recirculation area with flow reversal, see Figure 6.8b and
Figure 6.8c. Due to the large bluntness of the airfoil sections, a leading-edge vortex as observed
on the AVT-183 configuration is not formed at the respective angles of attack. Beginning with
α = 16◦, Figure 6.9 additionally highlights the corresponding skin-friction lines. At this angle
of attack, the flow reversal in the outboard wing sections is clearly noticed, see Figure 6.9a.
More inboard, attached flow is still present, and the skin-friction lines converge on the diamond
wing surface with the skin-friction pattern of the downstream-moving inboard vortical structure.
Figure 6.9b depicts the converging skin-friction lines in detail.

At the angle of attack of α = 20◦, the flow structure in the outboard and the midboard (MB)
wing sections change, see Figure 6.8d. The field streamline pattern and the pressure coefficient
footprint indicate an incipient smooth surface separation, which leads to the formation of a MB
LE vortex close to the rounded leading edge. The outboard wing section is influenced by the
emerging vortical structure, and the flow reversal is significantly reduced, see Figure 6.9c. The
converging skin-friction lines of the IB LE vortex and the attached flow in LE segment II and III
move, compared to α = 16◦, considerably upstream and align almost parallel to the leading edge,
see Figure 6.9d. Subsequently, the attached flow is deviated and finally escapes from the wing
surface in the MB LE vortex. In the skin-friction pattern, this is noticed by the singular point of
focus-type. Therefore, the IB LE vortex considerably influences the flow separation onset of the
MB LE vortex at the reference configuration SG Geo 1. If the angle of attack is further increased,
the flow physics becomes thereby more complex. It is explained for α = 24◦, see Figure 6.8e and
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(a) α = 8◦.

(b) α = 12◦.

(c) α = 16◦.

(d) α = 20◦.

(e) α = 24◦.

(f) α = 8◦.

(g) α = 12◦.

(h) α = 16◦.

(i) α = 20◦.

(j) α = 24◦.

Figure 6.8: Flow physics analysis of configuration SG Geo 1 – Surface pressure coefficient cp
including field streamlines, and axial vorticity contours ωx · lµ/U∞.
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(a) α = 16◦. (b) α = 16◦.

(c) α = 20◦. (d) α = 20◦.

(e) α = 24◦. (f) α = 24◦.

Figure 6.9: Flow physics analysis of configuration SG Geo 1 – Surface pressure coefficient cp
including skin-friction lines.

Figure 6.8j. Overall, the MB LE vortex becomes stronger, and it moves upstream and more
inboard. The associated skin-friction patterns now show a primary separation line (PSL) for the
MB leading-edge vortex (MB LEV) along the entire rounded wing section, see Figure 6.9f. It
is located completely offside the leading edge, which highlights the associated smooth surface
separation of the midboard vortical structure. Consequently, this region defines the incipient
flow separation. Next to the primary vortex structure, additional secondary separation and
attachment lines (SSL, SAL) are also found for the MB LE vortex at α = 24◦. Compared to the
corresponding secondary effects of the IB LE vortex (IB LEV), they are more distinct. Overall,
the IB LE vortex already features a secondary vortex separation at lower angles of attack. When
the IB LE vortex is displaced from the sharp leading edge in succession of the leading-edge contour
transition, the secondary structure is locally intensified, but vanishes shortly after. At the angle
of attack of α = 24◦, this effect is most visible, see Figure 6.9f.

In accordance with the observations on the AVT-183 configuration, the vortex structures oc-
curring at the SAGITTA configuration instantly show vortex bursting tendencies after their
formation. Figure 6.10 exemplarily demonstrates this in selected chordwise sections for the angle
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(a) x/cr = 0.1.

(b) x/cr = 0.2.

(c) x/cr = 0.3.

(d) x/cr = 0.4.

(e) x/cr = 0.45.

(f) x/cr = 0.5.

(g) x/cr = 0.6.

(h) x/cr = 0.1.

(i) x/cr = 0.2.

(j) x/cr = 0.3.

(k) x/cr = 0.4.

(l) x/cr = 0.45.

(m) x/cr = 0.5.

(n) x/cr = 0.6.

Figure 6.10: Flow physics analysis of configuration SG Geo 1 – Axial vorticity contours ωx ·lµ/U∞
and absolute velocity contours V /U∞ at α = 24◦.
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of attack of α = 24◦. Shortly after its formation, the IB LE vortex already features reduced abso-
lute velocities in the vortex core, see Figure 6.10h and Figure 6.10i. Distinct increased velocities
are not observed. The MB LE vortex almost immediately results in vortex core flow velocity
deficits, see Figure 6.10l. Thus, the vortex core flow of the occurring LE vortices is dominated by
a wake-type character, which indicates vortex bursting tendencies. The corresponding pressure
coefficients along the vortex axes support this observation, since the high suction levels are only
maintained close to the vortex formation. The MB LE vortex exhibits, in addition, drastically
increased cross-sections and decreased axial vorticity contour levels downstream, see Figure 6.10f
and Figure 6.10g. The occurring vortex breakdown thus becomes further obvious.

The sectional plots of Figure 6.10 also highlight the interaction between both vortex structures
at high angles of attack. In the midboard wing section, the IB and MB LE vortex form a
continuous sheet of axial vorticity. The dependence of the midboard flow separation associated
with rounded leading edges on the IB LE vortex occurring from the sharp leading-edge contour
is thus demonstrated for the reference configuration SG Geo 1. In addition, the above discussed
secondary vortex structures of both LE vortices can be observed. At x/cr = 0.2 and x/cr = 0.5,
respectively, the corresponding counter-rotating secondary structures associated with the IB and
MB LE vortex are noticed, see Figure 6.10b and Figure 6.10f.

Lateral Motion

Next, the flow field characteristics occurring in the lateral motion with present sideslip angle are
regarded. The flow physics analysis concentrates on the angle of sideslip of β = −10◦, for which
the effective sweep angle of the right semi-span wing is increased to ϕle,eff = 65◦. Therefore,
vortex separation effects due to rounded leading edges are expected to occur already at lower
angles of attack. In line with the analysis of the longitudinal motion, the same angle-of-attack
range of α = 8◦ to α = 24◦ is considered. Corresponding results with β = 10◦, for which
the effective sweep angle of the right semi-span wing is reduced, are stated in Appendix C. In
this case, the outboard recirculation area of irregular separated flow is even more dominant with
increasing angle of attack. Compared to the flow physics associated with the longitudinal motion,
vortex separation effects are only present due to the inboard sharp leading edge, and thus not as
relevant for the discussion of partly-developed leading-edge vortices in this research.

Figure 6.11 depicts the surface pressure coefficient distributions and axial vorticity contours in
different chordwise sections at β = −10◦. Due to the sideslip angle, the IB LE vortex is generally
more aligned with the free stream direction. Already at α = 8◦ and α = 12◦, the increased
effective leading-edge sweep angle leads to modified flow physics in the wing-tip section. The
region of irregular separated flow is replaced by an outboard (OB) LE vortex, see Figure 6.11a
and Figure 6.11b. However, the vortical structure breaks up instantly. This is caused by the
proximity to the trailing edge, where the pressure recovery must be fulfilled. Thereby, the leading-
edge pressure coefficient is immediately increased. In the midboard wing section, attached flow
is relevant and no difference to the longitudinal motion is present. Beginning with the angle of
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(a) α = 8◦.

(b) α = 12◦.

(c) α = 16◦.

(d) α = 20◦.

(e) α = 24◦.

(f) α = 8◦.

(g) α = 12◦.

(h) α = 16◦.

(i) α = 20◦.

(j) α = 24◦.

Figure 6.11: Flow physics analysis of configuration SG Geo 1 – Surface pressure coefficient cp
including field streamlines, and axial vorticity contours ωx · lµ/U∞ at β = −10◦.
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(a) α = 16◦. (b) α = 20◦. (c) α = 24◦.

Figure 6.12: Flow physics analysis of configuration SG Geo 1 – Surface pressure coefficient cp
versus semi-span y/s(x) at β = −10◦.

(a) α = 20◦, x/cr = 0.55.

(b) α = 20◦, x/cr = 0.65.

(c) α = 20◦, x/cr = 0.7.

(d) α = 24◦, x/cr = 0.55.

(e) α = 24◦, x/cr = 0.65.

(f) α = 24◦, x/cr = 0.7.

Figure 6.13: Flow physics analysis of configuration SG Geo 1 – Absolute velocity contours V /U∞
at β = −10◦.

attack of α = 16◦, remarkable differences to the case without sideslip angle are observed in
the resulting flow physics. To support the further analysis, Figure 6.12 and Figure 6.13 are
introduced. They depict the chordwise surface pressure coefficient distributions along the right
semi-span wing and sectional contour plots of the absolute velocity at selected chordwise sections.
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Overall, the OB LE vortex becomes considerably stronger at α = 16◦ and moves upstream along
the rounded leading-edge contour, see Figure 6.11c and Figure 6.11h. The suction of the OB LE
vortex is substantially intensified, as it is shown in Figure 6.12a by the distinct pressure peak at
x/cr = 0.6. More downstream, the pressure coefficient distribution still indicates the existence of
vortex breakdown. At α = 20◦, the smooth surface separation moves further upstream and more
inboard on the diamond wing surface, see Figure 6.11d. The OB LE vortex is strengthened, which
can be observed by the increased axial vorticity levels in Figure 6.11i and the surface pressure
coefficient distributions in Figure 6.12b. In contrast to the MB LE vortex in the longitudinal
motion, this time the OB LE vortex does not immediately show wake-type flow in the vortex
core after its formation, but a jet-type character with an increased velocity component along
the vortex axis. This is highlighted in Figure 6.13a. The process of vortex breakdown is then
noticed in the subsequent chordwise sections, see Figure 6.13b and Figure 6.13c, as the core
flow velocity continuously reduces and the cross-section of the OB LE vortex expands. With
increasing angle of attack, this trend remains, see Figure 6.13d to Figure 6.13f. Moreover, the
flow separation onset is further promoted, and at the angle of attack of α = 24◦, the IB and OB
LE vortex merge together. Subsequently, they build one dominant leading-edge vortex structure
at the right semi-span wing of the reference configuration SG Geo 1, see Figure 6.11e. The axial
vorticity contour levels in Figure 6.11j support this observation. In the midboard wing section,
a combined vortical structure is present, which exclusively feeds the OB LE vortex in the more
downstream wing sections. Two separate vortex structures in the rear wing sections, as obtained
in Figure 6.8j for the flow field associated with the longitudinal motion, are not seen any longer
for this case with β = −10◦.

6.1.3 Synthesis

The overall aerodynamic characteristics of the reference configuration SG Geo 1 have been pre-
sented in this section. First, the validity of the numerical method has been proven. Then, the
flow physics of the occurring vortex structures has been discussed in both the longitudinal and
the lateral motion. In total, this leads to the following synthesis:

Validation of the Numerical Method

• The numerical set-up applied to the CFD analyses of the SAGITTA configuration results
in reliable predictions of the aerodynamic characteristics including vortex separation ef-
fects. The medium grid resolution (13.8 · 106 grid points, initial wall-normal spacing of
0.003 mm) is sufficient to achieve grid independence. The numerical results of the reference
configuration SG Geo 1 are in very good agreement with respective experimental data.

• The effects of the further discussed leading-edge contour modifications can consequently be
assessed based on CFD analyses. For the computations associated with the other regarded
SAGITTA configurations, the validated numerical set-up has therefore been applied.

138



6.2 Sharp and Rounded Leading-Edge Contour

Flow Physics Analysis

• Due to the sharp inboard leading-edge contour, the flow field of the reference configuration
SG Geo 1 is characterized by an inboard leading-edge vortex. With increasing angle of
attack, the structure grows in size and intensity up to values of ωx · lµ/U∞ ≈ 200 and
V /U∞ ≈ 1.2 in the inboard wing section, respectively.

• In the outboard wing section with rounded leading-edge contour, a recirculation area with
flow reversal occurs at α = 8◦. It expands upstream with increasing angle of attack.
Compared to the AVT-183 configuration, different flow phenomena are therefore present
at moderate angles of attack. They are the direct consequence of the increased leading-
edge bluntness and airfoil thickness, respectively. At the angle of attack of α = 20◦, the
outboard structure of irregular separated flow finally alters to a midboard leading-edge
vortex. It occurs offside the leading edge at the upper wing surface and dominates the
outboard wing section. The existence of the midboard leading-edge vortex is particularly
caused by the influence of the inboard leading-edge vortex.

• The midboard leading-edge vortex is characterized by wake-type vortex core flow with
V /U∞ ≤ 0.8. It thus immediately shows vortex bursting tendencies. As earlier concluded
for the AVT-183 configuration as well, this is typical of smooth surface separations associ-
ated with non-slender wing configurations.

• With present sideslip angle, asymmetric flow phenomena are present and influence the
aerodynamic characteristics. In the context of the present research, in particular the flow
physics of the semi-span wing with increased effective leading-edge sweep angle attracts the
attention. Here, an additional leading-edge vortex occurs in the outboard wing section at
low angles of attack. Irregular separated flow is not relevant any longer in this case.

• For β = −10◦, the outboard leading-edge vortex on the right semi-span wing is already
present at α = 8◦. With increasing angle of attack, it becomes considerably stronger and
exhibits jet-type vortex core flow with values up to V /U∞ ≈ 1.6. Downstream-occurring
vortex breakdown with decreased velocity components is thereby more evident. At α = 24◦,
the inboard and the outboard leading-edge vortex completely merge in the midboard wing
section. Subsequently, they highly influence each other and form one dominant leading-edge
vortex on the right semi-span wing.

6.2 Sharp and Rounded Leading-Edge Contour

The flow field characteristics of configurations SG Geo 5 and SG Geo 6 are considered in the
following. The regarded cases each feature a constant leading-edge contour, as the leading edge
of configuration SG Geo 5 is sharp and the leading edge of configuration SG Geo 6 is round, see
Figure 1.10. For the subsequent investigations, the longitudinal motion is regarded only.
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6.2.1 Flow Physics Analysis

Configuration SG Geo 5

Figure 6.14 presents the resulting flow phenomena with varying angle of attack for configuration
SG Geo 5. In line with the previous analyses, the surface pressure coefficient distributions are
shown together with field streamlines and axial vorticity contours. Due to the sharp leading-edge
contour along the entire span of the diamond wing configuration, the vortical flow field differs
considerably in comparison to the flow phenomena associated with the reference configuration
SG Geo 1. Already at α = 8◦, a full-span leading-edge vortex is present, see Figure 6.14a. It is
aligned closely to the leading edge and continues almost parallel to it. With increasing angle of
attack, the full-span LE vortex becomes stronger, including increased suction levels on the upper
wing surface. As known from classical vortex theory, the vortex axis additionally moves further
inboard. In the downstream wing section close to the trailing edge, vortex breakdown occurs,
which can be observed by the radial expansion of the field streamlines, see Figure 6.14b to Figure
6.14d. For higher angles of attack, the vortex bursting phenomena move upstream. At the angle
of attack of α = 24◦, they have reached the chordwise location of x/cr ≈ 0.35.

To highlight the vortex breakdown, Figure 6.15 depicts selected sectional contour plots of the
absolute velocity at α = 20◦ and α = 24◦. Overall, the plots show the transition of the vortex
core flow velocity from a slight jet-type character in the more upstream chordwise sections to a
downstream wake-type character with considerably decreased velocity components. The upstream
movement of the vortex breakdown with increasing angle of attack is also demonstrated. The
general shape of the full-span leading-edge vortex of configuration SG Geo 5 is of oval type, see
also Figure 6.14f to Figure 6.14j. Comparable vortex shapes have already been observed for the
midboard leading-edge vortex of the reference configuration SG Geo 1 at β = 0◦ and the leading-
edge vortex of the AVT-183 configuration, which both occur from rounded leading edges. In
summary, this proves that the oval type of the leading-edge vortex is more a result of the moderate
leading-edge sweep angle than of the leading-edge shape. The outboard leading-edge vortex of
the reference configuration SG Geo 1 at β = −10◦, in turn, leads to a more circular shape. One
can thus conclude that this is a direct consequence of the increased effective leading-edge sweep
angle. In this case, a strengthened leading-edge vortex with higher axial vorticity contour levels
is present, see Figure 6.11, and a more developed jet-type vortex core flow is observed, see Figure
6.13. Altogether, this delays the vortex breakdown downstream and to higher angles of attack. In
case of configuration SG Geo 5 and the associated full-span leading-edge vortex, in contrast, the
jet-type vortex core flow is considerably less developed, and vortex bursting phenomena are more
relevant. They do not occur as apparent compared to the other case, see Figure 6.15. Due to the
oval shape of the leading-edge vortex, the typical "doughnut-shape" is not present any longer in
the vortex breakdown process of configuration SG Geo 5, before the wake-type character of the
vortex core flow becomes dominantly. To conclude, this behavior is characteristic of non-slender
wing configurations, and regardless of the leading-edge shape. In the context of the AVT-183 in-
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(a) α = 8◦.

(b) α = 12◦.

(c) α = 16◦.

(d) α = 20◦.

(e) α = 24◦.

(f) α = 8◦.

(g) α = 12◦.

(h) α = 16◦.

(i) α = 20◦.

(j) α = 24◦.

Figure 6.14: Flow physics analysis of configuration SG Geo 5 – Surface pressure coefficient cp
including field streamlines, and axial vorticity contours ωx · lµ/U∞.
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(a) α = 20◦, x/cr = 0.2.

(b) α = 20◦, x/cr = 0.3.

(c) α = 20◦, x/cr = 0.4.

(d) α = 20◦, x/cr = 0.5.

(e) α = 24◦, x/cr = 0.2.

(f) α = 24◦, x/cr = 0.3.

(g) α = 24◦, x/cr = 0.4.

(h) α = 24◦, x/cr = 0.5.

Figure 6.15: Flow physics analysis of configuration SG Geo 5 – Absolute velocity contours V /U∞.

vestigations, Hitzel et al. demonstrated this effect as well, as a modified configuration with a
leading-edge sweep angle of ϕle = 65◦ was considered [55]. The results were compared to those of
the original AVT-183 configuration and in total, the same trends were discovered.

Configuration SG Geo 6

Next, the flow physics of configuration SG Geo 6 including a completely rounded leading-edge
contour is discussed. Figure 6.16 introduces the corresponding plots for the considered angles of
attack. Due to the absence of a sharp leading-edge contour compared to the reference configu-
ration SG Geo 1, attached flow is dominant in the inboard wing section as well. This holds up
to the angle of attack of α = 24◦, see Figure 6.16e. As a result of the large leading-edge radius,
flow separation is not relevant in this wing segment. In the midboard and outboard wing section,
the flow field characteristics of configuration SG Geo 6 match the flow physics of the reference
configuration SG Geo 1 up to α = 16◦. The outboard-occurring irregular recirculation area with
flow reversal is predicted very similarly and expands upstream with increasing angle of attack,
see Figure 6.16a to Figure 6.16c. In the midboard wing section, attached flow is still present.
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(a) α = 8◦.

(b) α = 12◦.

(c) α = 16◦.

(d) α = 20◦.

(e) α = 24◦.

(f) α = 8◦.

(g) α = 12◦.

(h) α = 16◦.

(i) α = 20◦.

(j) α = 24◦.

Figure 6.16: Flow physics analysis of configuration SG Geo 6 – Surface pressure coefficient cp
including field streamlines, and axial vorticity contours ωx · lµ/U∞.
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For higher angles of attack, the outboard and midboard flow phenomena become different between
configurations SG Geo 6 and SG Geo 1. This is directly caused by the absence of the IB LE
vortex. To support the further discussion, Figure 6.17 therefore shows the skin-friction patterns
of configuration SG Geo 6 at α = 20◦ and α = 24◦. This time, no distinct MB LE vortex is
established on the upper wing surface, but the region of irregular separated flow including flow
reversal remains up to the angle of attack of α = 24◦. Compared to the skin-friction pattern of the
reference configuration SG Geo 1 as shown in Figure 6.9, different flow physics is present. Overall,
this result confirms that the existence of the MB LE vortex at the SAGITTA configuration is
mainly dependent on the presence of the IB LE vortex. Without sharp leading-edge segments,
flow separation with subsequent leading-edge vortex formation does not occur, at least not until
the maximum angle of attack considered in this research.

In comparison to the flow field characteristics of the AVT-183 configuration, the results further
demonstrate the general effect of increased leading-edge bluntness and airfoil thickness on the
leading-edge vortex formation and progression. For the AVT-183 configuration with a 6% relative
thickness airfoil (rle/c = 0.23%) and a leading-edge sweep angle of ϕle = 53◦, a partly-developed
leading-edge vortex is already present for moderate angles of attack around α = 12◦, see Figure
5.26. Configuration SG Geo 6 with a 12% relative thickness airfoil (rle/c = 0.99%) and ϕle = 55◦,
in contrast, does not feature any leading-edge vortex structure up to α = 24◦. To study the effects
of partly-developed leading-edge vortices at the SAGITTA configuration and to exploit them for
passive flow control concepts, sharp leading-edge segments are thus required. For this reason,
the reference configuration SG Geo 1 and the derived versions SG Geo 2 to SG Geo 4 feature
spanwise-varying leading-edge contours.

6.2.2 Longitudinal Aerodynamic Coefficients

As a result of the different flow field characteristics that arise from various leading-edge shapes,
the aerodynamic force and moment coefficients and the respective derivatives are influenced. In
the course of the present research, they are discussed for configurations SG Geo 2 to SG Geo 6.
The resulting values are each compared to the baseline data of the reference configuration SG
Geo 1. The corresponding analyses concentrate on the longitudinal motion, thus showing the lift,

(a) α = 20◦. (b) α = 24◦.

Figure 6.17: Flow physics analysis of configuration SG Geo 6 – Surface pressure coefficient cp
including skin-friction lines.
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drag and pitching-moment coefficient characteristics for the entire angle-of-attack polar. With
respect to the stability characteristics of the SAGITTA configuration, the longitudinal stability
derivative Cmy,α and derived quantities such as the local center of pressure xd/cr or a derived
longitudinal stability value | (xmrp − xn) /lµ| are of central concern. Based on varying vortex flow
phenomena of the regarded wing configurations, which are caused by the leading-edge contour
modifications, differences in the longitudinal stability behavior are expected. Hence, this analysis
overall summarizes the outcome of the proposed passive flow control concepts in comparison to
the reference configuration SG Geo 1.

The present section covers the discussion of the longitudinal aerodynamic coefficients of config-
urations SG Geo 5 and SG Geo 6. Thereby, the characteristics of the reference configuration SG
Geo 1 are initially explained as well. Furthermore, numerical results of a low-fidelity numerical
method are once presented for comparison. For this purpose, the program AVL (Athena Vortex
Lattice) was used, employing an extended vortex lattice model for the lifting surfaces of the
wing planform. Sectional properties, such as camberline effects of the NACA64A012 airfoil, are
considered as well in this approach1. Therefore, the high-fidelity CFD results of the SAGITTA
configuration are set into context to common handbook methods.

Lift Coefficient Characteristics

In Figure 6.18, the lift coefficient CL and the lift slope CL,α are regarded. Although the flow field
characteristics differ considerably for the three wing configurations, the resulting lift coefficients
are very similar. At low to moderate angles of attack, they almost match each other. With
increasing angle of attack, only small deviations are noticed, see Figure 6.18a. Moreover, the
AVL result of the reference configuration SG Geo 1 does not show significant differences over
the entire angle-of-attack polar. Consequently, the lift coefficients of the SAGITTA configuration

1http://web.mit.edu/drela/Public/web/avl, retrieved February 2016
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Figure 6.18: Longitudinal aerodynamic coefficients of configurations SG Geo 5 and SG Geo 6 –
Lift coefficient CL and derivative CL,α versus angle of attack α.
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are mostly determined by the wing planform. Additional non-linear lift due to leading-edge
vortex suction is hardly observable, neither for configuration SG Geo 5 with the completely sharp
leading-edge contour. To highlight the effects of the different flow physics, the lift slope CL,α

is considered instead, see Figure 6.18b. The lift-slope characteristics of configuration SG Geo
5 result in slightly increasing values up to the angle of attack of α = 11◦, since the full-span
leading-edge vortex becomes stronger, including increased suction levels along the vortex axis.
Thereby, a weak trend of non-linear lift increase is noticeable. Then, vortex breakdown occurs
close to the trailing edge, and decreasing lift-slope values are observed. These characteristics hold
up to α = 17◦. For even higher angles of attack, the lift slope finally remains rather constant.
Thus, the lift-slope-decreasing trend of the upstream-moving vortex breakdown and the lift-slope-
increasing trend of the leading-edge vortex suction in the more upstream wing regions roughly
balance each other.

Regarding configuration SG Geo 6 with completely rounded leading edges, the lift slope CL,α

slightly increases up to the angle of attack of α = 8◦, for which attached flow is present exclusively.
It is a result of the increasing leading-edge suction peaks, but compared to the lift-slope values
of configuration SG Geo 5, the increase is less pronounced. Then, the flow separates at the wing
tip and the outboard region of irregular separated flow emerges. The recirculation region, which
grows upstream with increasing angle of attack, thus leads to a continuous decrease of the lift-
slope values, see Figure 6.18b. In sum, this effect is stronger than the lift-slope increase due to
the attached flow in the more inboard wing sections, which remains up to α = 24◦.

The reference configuration SG Geo 1 shows more complex lift-slope characteristics due to
the spanwise-varying leading-edge contour. Both lift-slope-increasing and -decreasing trends oc-
curring from attached flow, irregular separated flow, and separated vortex flow are present for
different angles of attack. In consequence, the lift slope varies more considerably, especially at
higher angles of attack, see Figure 6.18b. The corresponding results of the lifting surface method,
in contrast, do not show these variations. They indicate a continuously-decreasing lift slope,
which is caused by the camberline effect of the considered NACA 64A012 airfoil. Considering
the high-fidelity RANS computations, the lift-slope values are very close to those of configuration
SG Geo 6 up to α = 13◦. The flow physics of the rounded leading-edge segments is dominant
and the existence of the IB LE vortex does not have a significant effect so far. This is changed
with increasing angle of attack. Up to approximately α = 18◦, a slight non-linear lift increase
is observed, which is attributed to the growing strength of the IB LE vortex. Then, a local
maximum is reached in the lift-slope characteristics of configuration SG Geo 1, and the values
considerably decrease. On the one hand, this is due to vortex bursting effects of the IB LE vortex
on the rear wing surface. On the other hand, the trend is amplified by the formation of the MB
LE vortex. With increasing angle of attack, the respective flow separation onset moves upstream
on the upper wing surface and replaces the attached flow region in the midboard wing section.
This reduces the CL,α values. Since vortex breakdown occurs instantly for the MB LE vortex as
well, the lift slope is further reduced.
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Drag Coefficient Characteristics

Next, the drag coefficient characteristics are assessed. Figure 6.19 presents the corresponding
curves for the studied wing configurations versus the angle of attack α and as Lilienthal polar
CL versus CD. As expected, the results show the highest drag coefficient values for configuration
SG Geo 5 with the full-span leading-edge vortex. The maximum lift-to-drag ratio is obtained
at α = 6◦ with (CL/CD)max,SG Geo 5 = 11.33, which corresponds to a minimum glide angle
of ǫmin,SG Geo 5 = 5.04◦. Compared to the other configurations, the deviations become more
remarkable at higher angles of attack, since the vortex size and strength continuously increase. In
general, this shows that vortex-dominated configurations always lead to increased drag coefficient
values compared to configurations featuring attached flow regions.

The drag coefficient characteristics of configurations SG Geo 1 and SG Geo 6 are very similar
to each other over the entire angle-of-attack polar. Only at certain angles of attack, the reference
configuration SG Geo 1 results in slightly increased values compared to those of configuration SG
Geo 6. Overall, this is due to the IB and MB LE vortex. This time, also the low-fidelity AVL
result is far off with increasing angle of attack, and the parabolic drag increase is not described
correctly. Altogether, the observed characteristics of configuration SG Geo 1 and SG Geo 6
lead to the corresponding Lilienthal polars as shown in Figure 6.19b. The maximum lift-to-drag
ratio is still observed at α = 6◦ with (CL/CD)max,SG Geo 1 = 12.34 and (CL/CD)max,SG Geo 6 =

12.41. Hence, it is nearly constant and increased by approximately 9% to the corresponding
value of configuration SG Geo 5. In consequence, this also lowers the minimum glide angle to
ǫmin,SG Geo 1 = 4.63◦ and ǫmin,SG Geo 6 = 4.61◦, respectively.

Pitching-Moment Coefficient Characteristics

Finally, the pitching-moment characteristics are discussed for configurations SG Geo 5, SG Geo
6, and the reference configuration SG Geo 1. The results of the pitching-moment coefficient Cmy
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Figure 6.19: Longitudinal aerodynamic coefficients of configurations SG Geo 5 and SG Geo 6 –
Drag coefficient CD versus angle of attack α and Lilienthal polar CL versus CD.

147



Passive Flow Control by Leading-Edge Contour Modifications

and the derivative Cmy,α versus angle of attack α are plotted in Figure 6.20. With respect to
the chosen pitching-moment reference point, the SAGITTA configuration is found to be stable in
pitch, regardless of the leading-edge contour. This is indicated by the negative slope of the curves
in Figure 6.20a, and it holds for the entire angle-of-attack polar considered in this research. As
a result of the symmetric airfoil, the pitching-moment coefficient becomes zero at α = 0◦. With
any present angle of attack, nose-down moments occur for the regarded wing configurations.
The AVL analysis of the reference configuration SG Geo 1 provides accurate predictions of the
pitching-moment coefficient up to approximately α ≈ 13◦. Thereafter, remarkable deviations
are observed compared to the CFD results, as the slope of the respective curve is computed
incorrectly. The pitching-moment derivative exhibits negative values only, see Figure 6.20b. In
general, this parameter is relevant for stability investigations in the longitudinal motion. Figure
6.21a additionally highlights the resulting local center of pressure xd/cr versus the angle of attack.
For all considered cases, it is located downstream of the pitching-moment reference point xmrp,
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(b) Longitudinal stability derivative.

Figure 6.20: Longitudinal aerodynamic coefficients of configurations SG Geo 5 and SG Geo 6 –
Pitching-moment coefficient Cmy and derivative Cmy,α versus angle of attack α.
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Figure 6.21: Longitudinal stability investigation of configurations SG Geo 5 and SG Geo 6 – Local
center of pressure xd/cr and stability value | (xmrp − xn) /lµ| vs. angle of attack α.
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and it varies with increasing angle of attack. The position of xmrp is plotted as a reference as well,
see the dashed line in Figure 6.21a. Figure 6.21b finally depicts the derived longitudinal stability
value | (xmrp − xn) /lµ|, which is considered in this thesis for the overall stability assessment.
Since mass effects are not regarded in this research, the gravity center xcg is replaced by the
pitching-moment reference point as the decisive reference position.

Based on the diverse flow phenomena of the configurations considered in this section, the
pitching-moment characteristics differ with increasing angle of attack. Configuration SG Geo 5
exhibits an almost constant longitudinal stability derivative up to the angle of attack of α = 14◦,
see Figure 6.20b. Subsequent to slightly-decreasing values, a small increase is noticed between
α = 8◦ and α = 14◦. It is attributed to the incipient vortex breakdown and the rather low
suction levels of the full-span leading-edge vortex. The resulting local center of pressure is thus
nearly constant, see Figure 6.21a. With increasing angle of attack, the stability derivative then
increases considerably in its absolute value and reaches a plateau with Cmy,α ≈ −0.375 at α = 24◦.
Thereby, the local center of pressure is moved downstream for higher angles of attack, including
a final stability value of almost 15%, see Figure 6.21b. The comparison of the surface pressure
coefficient distributions at α = 14◦ and α = 20◦ in Figure 6.22a and Figure 6.22b highlights the
effects of the full-span leading-edge vortex that are relevant for this behavior. Although the most
distinct suction levels along the vortex axis increase considerably at α = 20◦ and appear more
upstream of the pitching-moment reference point (1), the size of the midboard and outboard wing
region, that is influenced by the vortex structure, is decisive for the increased stability value (2).
The upstream-moving vortex breakdown indeed reduces the high suction levels downstream of
xmrp, but negative pressure coefficient values are still noticeable for the corresponding wing region.
Moreover, the reattached flow in the inboard wing section is accelerated with increasing angle of
attack due to the leading-edge vortex induction, which also leads to reduced pressure coefficients
downstream of the pitching-moment reference point (3). In sum, this further contributes to the
increased nose-down moment of configuration SG Geo 5.

The longitudinal stability derivative of configuration SG Geo 6 with the rounded leading edges
is discussed next, see Figure 6.20b. Compared to the characteristics of configuration SG Geo 5,
the slight increase at moderate angles of attack is less pronounced and the drop in the Cmy,α

values occurs at lower angles of attack. From then on, both curves are roughly displaced parallel,
which results in a stability value of approximately 17.5% at α = 24◦, see Figure 6.21b. With
respect to the pitching-moment coefficient at the final angle of attack, this corresponds to an
increase of approximately 21% in the absolute Cmy value, see Figure 6.20a. Due to the absence
of the leading-edge vortex, the reasons for the pitching-moment characteristics are different. This
time, the increase of the longitudinal stability derivative at α = 9◦ and α = 10◦ is a result of the
emerging irregular flow separation at the wing tip. Due to the very short chord length, the flow
separation moves quickly upstream and diminishes the distinct leading-edge suction peaks in the
outboard wing section. In consequence, this slightly reduces the longitudinal stability. Beginning
with the angle of attack of α = 11◦, decreasing Cmy,α values are dominant again. The increasing
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suction levels of the attached flow in the outboard and midboard wing sections downstream of
the pitching-moment reference point (4) have more impact on the stability derivative than the
growing wing-tip separation region (5) and the rather low leading-edge suction levels upstream of
xmrp. For the angle of attack of α = 14◦, this is shown in Figure 6.22c. With increasing angle of
attack, the trend attenuates, since the distinct leading-edge suction peaks are shifted upstream
of the pitching-moment reference point (4), see Figure 6.22d. The wing region influenced by the
irregular separated flow (5) and the inboard rear wing section with attached flow (6), however,
still contributes with reduced pressure coefficient values along with the associated influence region
to the pronounced longitudinal stability of configuration SG Geo 6 at high angles of attack.

Based on the foregoing investigations of the configurations with constant leading-edge contour,
the pitching-moment characteristics of the reference configuration SG Geo 1 are finally discussed.
Up to the angle of attack of α = 15◦, almost no differences are observable in the results with
respect to configuration SG Geo 6, see Figure 6.20 and Figure 6.21. The outcome is thus consistent
with the findings presented above for the lift coefficient characteristics. The low impact of the

(a) SG Geo 5, α = 14◦. (b) SG Geo 5, α = 20◦.

(c) SG Geo 6, α = 14◦. (d) SG Geo 6, α = 20◦.

(e) SG Geo 1, α = 14◦. (f) SG Geo 1, α = 20◦.

Figure 6.22: Longitudinal stability investigation of configurations SG Geo 5 and SG Geo 6 –
Surface pressure coefficient cp.
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IB LE vortex at low to moderate angles of attack is further highlighted by the comparison of
the surface pressure coefficient distributions, see Figure 6.22c and Figure 6.22e, as only weak
suction levels are present close to the inboard sharp leading-edge contour (7). With increasing
angle of attack, however, the IB LE vortex becomes considerably stronger (7) and influences
the pitching-moment characteristics, see Figure 6.22f. Due to the distance of the inboard sharp
leading-edge section to the pitching-moment reference point, the longitudinal stability derivative
is substantially increased, which lowers the longitudinal stability. This can be noticed from
Figure 6.20b and Figure 6.21b. The values of the pitching-moment coefficient are thus displaced
towards those of configuration SG Geo 5, see Figure 6.20a. At α = 20◦, the MB LE vortex
emerges in consequence of the IB LE vortex induction on the upper wing surface. With respect
to xmrp, the flow separation onset is located downstream (8), see Figure 6.22f. This leads to a
local "maximum" of the Cmy,α curve at α = 21◦ and decreasing values. The increase in stability,
however, is directly attenuated with increasing angle of attack, see Figure 6.20b, since the MB
LE vortex moves upstream of the pitching-moment reference point. The corresponding pitching-
moment coefficient of configuration SG Geo 1 at α = 24◦ thus results in a value that deviates by
only 5% from the Cmy value of configuration SG Geo 5. Altogether, the discussion emphasizes
the complex flow physics of the reference configuration SG Geo 1 and its effect on the pitching-
moment characteristics at higher angles of attack. In summary, a varying longitudinal stability
value is observed for α ≥ 15◦, which mainly depends on the vortex flow phenomena induced by
the spanwise-varying leading-edge contour.

6.2.3 Synthesis

The discussion of configurations SG Geo 5 (entirely sharp LE) and SG Geo 6 (entirely round
LE) in this section has provided valuable information with respect to the general influence of the
leading-edge shape at the SAGITTA configuration. To understand and explain the flow physics
of wing configurations with spanwise-varying leading-edge contours, this is of great importance.
The analysis of the longitudinal aerodynamic coefficients has further demonstrated, which of the
local flow phenomena, that occur for the reference configuration SG Geo 1 with spanwise-varying
leading-edge contour, are relevant for the varying aerodynamic coefficients at different angles of
attack. For the further analysis, an improved assessment of the cases with leading-edge contour
modifications, compared to the reference configuration SG Geo 1, is thus feasible. In summary,
one can conclude:

Flow Physics Analysis

• Configuration SG Geo 5 with the sharp leading-edge contour shows typical leading-edge
vortex flow along the entire semi-span of the diamond wing. Due to the non-slender wing
configuration, the leading-edge vortex shape is of oval type and only exhibits weak jet-type
vortex core flow with V /U∞ ≤ 1.2, despite the completely sharp leading edge. Vortex
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breakdown is already relevant at low to moderate angles of attack (αburst ≈ 12◦), which
mostly leads to wake-type vortex core flow on the diamond wing configuration.

• Configuration SG Geo 6 with the rounded leading-edge contour features attached flow in
the inboard wing section up to α = 24◦. In the midboard and outboard wing sections, no
differences are observed to the flow field characteristics of the reference configuration SG
Geo 1 up to α = 16◦. For higher angles of attack, however, the region of irregular separated
flow with flow reversal continuously grows and is preserved. A midboard leading-edge vortex
does not arise, at least not until the angle of attack of α = 24◦.

• The finding regarding the existence of the midboard leading-edge vortex at reference config-
uration SG Geo 1, which has been stated in Section 6.1.3, is therefore proved. The growing
strength of the inboard leading-edge vortex determines the flow separation characteristics in
the midboard and outboard wing sections with increasing angle of attack. The formation of
the midboard leading-edge vortex due to the rounded leading-edge contour of the reference
configuration SG Geo 1 is thus a result of the inboard leading-edge vortex induction.

Longitudinal Aerodynamic Coefficients

• Despite diverse flow field characteristics of the regarded configurations, the lift coefficients
only slightly differ at the SAGITTA configuration, regardless of the leading-edge contour.
Hence, they are mainly determined by the diamond wing planform. Deviations become more
remarkable in the drag and the pitching-moment coefficients, especially with increasing
angle of attack. The resulting maximum lift-to-drag ratios, for example, differ between
11.3 ≤ (CL/CD)max ≤ 12.4, and the pitching-moment derivatives alter at α = 24◦ between
−0.42 ≤ Cmy,α ≤ −0.29.

• The analysis of the aerodynamic coefficients for configurations SG Geo 5 and SG Geo 6
show the basic effects of separated vortex flow, attached flow, and irregular separated flow
on the integral forces and moments of the SAGITTA configuration. This further allows for
the differentiation of the local flow phenomena that occur for the reference configuration SG
Geo 1 with spanwise-varying leading-edge contour. Their effects can therefore be assigned
to the resulting aerodynamic coefficients at different angles of attack.

• With regard to the aerodynamic coefficient characteristics of the reference configuration
SG Geo 1, one can conclude: For low to moderate angles of attack up to α = 16◦, the
existence of the inboard sharp leading-edge contour is of minor importance with respect to
the longitudinal aerodynamic coefficients. For higher angles of attack, however, at which the
presence of the inboard leading-edge vortex is decisive for the midboard and outboard flow
phenomena, remarkable differences occur. Then, the inboard leading-edge shape is crucial
and considerably determines the longitudinal aerodynamic characteristics, including the
corresponding stability behavior.
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6.3 Leading-Edge Shape Modifications

This section deals with the flow physics of configurations SG Geo 2 and SG Geo 3, which also
feature sharp leading-edge segments in the outboard and midboard wing sections. As introduced
in Figure 1.10, configuration SG Geo 2 exhibits sharp leading edges in LE segment I+IV, whereas
for configuration SG Geo 3 the LE segments I+III are sharp. In comparison to the reference
configuration SG Geo 1, the modifications thus result in more varying leading-edge contours along
the semi-span of the diamond wing configuration. Differences in the occurring flow phenomena
and the aerodynamic coefficients are therefore expected. In line with the previous section, the
longitudinal motion is regarded exclusively.

6.3.1 Flow Physics Analysis

Configuration SG Geo 2

The flow field characteristics of configuration SG Geo 2 are shown in Figure 6.24 for different
angles of attack. Already at α = 8◦, the sharp leading-edge contour in the outboard wing section
leads to an additional OB LE vortex, see Figure 6.24a. The vortex axis is located close to the
leading edge, and the suction levels are rather low. Figure 6.23a highlights the corresponding
spanwise surface pressure coefficient distributions. At x/cr = 0.6, the OB LE vortex suction
peak is clearly noticed. More downstream and close to the wing tip, however, vortex bursting
effects are already relevant as well. The expansion of the field streamlines and the reduction of
the suction levels at x/cr = 0.7 give evidence for the phenomenon. In the more inboard wing
sections, the flow field characteristics are equal to those of the reference configuration SG Geo 1.

(a) α = 8◦. (b) α = 10◦. (c) α = 12◦.

Figure 6.23: Flow physics analysis of configuration SG Geo 2 – Surface pressure coefficient cp
versus semi-span y/s(x).
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(a) α = 8◦.

(b) α = 12◦.

(c) α = 16◦.

(d) α = 20◦.

(e) α = 24◦.

(f) α = 8◦.

(g) α = 12◦.

(h) α = 16◦.

(i) α = 20◦.

(j) α = 24◦.

Figure 6.24: Flow physics analysis of configuration SG Geo 2 – Surface pressure coefficient cp
including field streamlines, and axial vorticity contours ωx · lµ/U∞.
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Between α = 8◦ and α = 12◦, the outboard flow phenomena change fundamentally for configu-
ration SG Geo 2. Dominated by the upstream-moving vortex breakdown, the OB LE vortex has
completely vanished at α = 12◦, see Figure 6.24b. The skin-fiction lines in Figure 6.25 depict
the differences in the outboard wing section in more detail. This time, a region of irregular sep-
arated flow including flow reversal is present, which is comparable to the outboard recirculation
area of the reference configuration SG Geo 1. Moreover, the spanwise surface pressure coefficient
distributions in Figure 6.23 show the disappearance of the OB LE vortex with increasing angle
of attack. As a result, the flow field of configuration SG Geo 2 at α = 12◦ equals the occurring
flow phenomena of the reference configuration SG Geo 1 along the entire semi-span.

For higher angles of attack, no remarkable differences are present any longer when comparing
the flow physics of configurations SG Geo 2 and SG Geo 1. The flow field characteristics match
each other at the considered angles of attack, including the growing recirculation area, the IB
LE vortex induction, and the formation of the MB LE vortex, see Figure 6.24c to Figure 6.24e.
The corresponding skin-friction patterns look alike those of the reference configuration SG Geo 1.
Once the OB LE vortex at the outboard sharp leading edge has vanished, the leading-edge shape
in LE segment IV is of less importance. Only the size of the outboard separation region is found
to be slightly larger for configuration SG Geo 2 compared to SG Geo 1, see Figure 6.24h and
Figure 6.8h. At the angle of attack of α = 16◦, this is shown by the related axial vorticity contour
levels, which are more pronounced at the inboard edge of the separation region for configuration
SG Geo 2. The formation of the MB LE vortex at α = 20◦, however, is therefore not displaced.

Configuration SG Geo 3

Next, the flow physics analysis is presented for configuration SG Geo 3. Figure 6.26 depicts the
corresponding plots at α = 8◦ to α = 24◦. Already at low angles of attack, the sharp leading-
edge contour in LE segment III leads to a second vortex structure that is referred to as MB LE
vortex. At α = 8◦, the flow field exhibits four different segments with alternating vortex flow and
attached flow regions, see Figure 6.26a. At the wing tip, the incipient flow separation is present as
explained before, and the outboard recirculation area arises with increasing angle of attack. The
separation region, however, is only momentarily of importance for the flow field characteristics

(a) α = 8◦. (b) α = 12◦.

Figure 6.25: Flow physics analysis of configuration SG Geo 2 – Surface pressure coefficient cp
including skin-friction lines.
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(a) α = 8◦.

(b) α = 12◦.

(c) α = 16◦.

(d) α = 20◦.

(e) α = 24◦.

(f) α = 8◦.

(g) α = 12◦.

(h) α = 16◦.

(i) α = 20◦.

(j) α = 24◦.

Figure 6.26: Flow physics analysis of configuration SG Geo 3 – Surface pressure coefficient cp
including field streamlines, and axial vorticity contours ωx · lµ/U∞.
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of configuration SG Geo 3. Instead, the MB LE vortex of LE segment III takes control over
the entire outboard wing section at α = 12◦, see Figure 6.26b. The resulting differences in the
skin-friction patterns compared to the reference configuration SG Geo 1 are highlighted in Figure
6.27. Flow reversal is not relevant any longer, and typical vortex flow is observed for the MB
LE vortex along the sharp leading edge of LE segment III and the rounded leading edge of LE
segment IV. Despite the rounded leading-edge contour, the flow also rolls up in LE segment IV
and feeds the MB LE vortex. In consequence, the vortex strength is increased, and high axial
vorticity contour levels are noticed for the MB LE vortex, see Figure 6.26g.

To support the continuing analysis of configuration SG Geo 3, the resulting skin-friction pat-
terns are considered likewise for higher angles of attack, see Figure 6.28. Overall, the MB LE
vortex becomes stronger at α = 16◦, see Figure 6.26c. The flow separation onset, however, does
not move further upstream. This is caused by the contour transition from sharp to round and
the rounded leading-edge contour in LE segment II. Instead, the vortex axis slightly inclines
more inboard. The corresponding skin-friction lines in Figure 6.28b emphasize the different flow
phenomena that are induced by the varying leading-edge contour. In the midboard wing sec-
tion, attached flow with high leading-edge suction levels is present. More outboard, the flow
then separates at the sharp leading edge of LE segment III and forms the MB LE vortex. The
primary and secondary separation and attachment lines are also indicated in this context. The
high suction levels of the MB LE vortex are not maintained very long on the wing surface, which
again indicates the existence of vortex breakdown. The expanding streamlines in the outboard
flow field support this fact, see Figure 6.26c.

Beginning with the angle of attack of α = 20◦, the flow field characteristics of configuration
SG Geo 3 become more complex. In line with the observations for the reference configuration SG
Geo 1, converging skin-friction lines are observed in Figure 6.28d close to the leading edge in LE
segment II, where the flow is still attached. In case of the reference configuration SG Geo 1, this
results in a smooth surface separation including the formation of a MB LE vortex, compare Figure
6.9d and Figure 6.9f. For the present case with configuration SG Geo 3, the converging skin-
friction pattern comes together with the MB LE vortex originating from the sharp leading-edge
contour, see Figure 6.28d. The primary attachment line of the MB LE vortex observed before is

(a) SG Geo 3. (b) SG Geo 1.

Figure 6.27: Flow physics analysis of configuration SG Geo 3 – Surface pressure coefficient cp
including skin-friction lines at α = 12◦.
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omitted and coincides with that of the IB LE vortex as a common primary attachment line. The
flow separation onset close to the rounded midboard leading-edge contour is thus initiated for
configuration SG Geo 3 as well, and it additionally joins the present MB LE vortex at α = 20◦.
With increasing angle of attack, the smooth surface separation is promoted upstream and splits
up the combined vortical structure. Thus, two different leading-edge vortices are observed in the
midboard wing section, see Figure 6.26e and Figure 6.26j. For differentiation, the occurring MB
LE vortices are referred to as MB LE vortex I and MB LE vortex II. At α = 24◦, in total three
partly-developed leading-edge vortices are finally present for configuration SG Geo 3. The IB
LE vortex and the MB LE vortex I originate from the sharp leading-edge segments I+III. The
MB LE vortex II is a result of the smooth surface separation on the upper wing surface in LE
segment II. Due to the local disjunction of the vortical structures at α = 24◦, the MB LE vortex
I features a primary attachment line again. Figure 6.28f further demonstrates that this is a result
of a secondary vortex separation occurring for the MB LE vortex II, which is present on the wing
surface between the two midboard vortical structures. The primary attachment line of the MB
LE vortex I coincides with the secondary attachment line of the MB LE vortex II.

(a) α = 16◦. (b) α = 16◦.

(c) α = 20◦. (d) α = 20◦.

(e) α = 24◦. (f) α = 24◦.

Figure 6.28: Flow physics analysis of configuration SG Geo 3 – Surface pressure coefficient cp
including skin-friction lines.
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(a) x/cr = 0.1.

(b) x/cr = 0.2.

(c) x/cr = 0.3.

(d) x/cr = 0.4.

(e) x/cr = 0.45.

(f) x/cr = 0.5.

(g) x/cr = 0.6.

(h) x/cr = 0.1.

(i) x/cr = 0.2.

(j) x/cr = 0.3.

(k) x/cr = 0.4.

(l) x/cr = 0.45.

(m) x/cr = 0.5.

(n) x/cr = 0.6.

Figure 6.29: Flow physics analysis of configuration SG Geo 3 – Axial vorticity contours ωx ·lµ/U∞
and absolute velocity contours V /U∞ at α = 24◦.
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To highlight the vortex formation and progression of configuration SG Geo 3 at α = 24◦, Figure
6.29 additionally depicts corresponding sectional contour plots. Both the axial vorticity compo-
nent and the absolute velocity are considered in selected chordwise sections on the diamond wing
surface. The IB LE vortex is already observed in the most upstream wing section at x/cr = 0.1.
Due to the contour transition from sharp to round, it is then displaced from the leading edge to
the upper wing surface and moves downstream on the inboard wing section, see Figure 6.29a to
Figure 6.29c. Between x/cr = 0.4 and x/cr = 0.5, the vortex formation of both MB LE vortices
occurs, see Figure 6.29d to Figure 6.29f. In total, three dominant structures with high axial
vorticity contour levels are finally noticeable. The associated secondary effects become also ob-
vious, as remarkable counter-rotating structures are present between both MB LE vortices. The
contour plots of the absolute velocity further demonstrate the instantaneous wake-type character
of each MB LE vortex core flow, see Figure 6.29k to Figure 6.29m. For the MB LE vortex I,
the reduced speeds are much more distinct, since vortex breakdown has already moved upstream
for quite a while. In summary, this shows the complex flow field characteristics that are present
for configuration SG Geo 3 with increasing angle of attack. In comparison to configuration SG
Geo 2, the flow physics is thus more influenced by the leading-edge contour modification of LE
segment III. With respect to the aerodynamic coefficients of the reference configuration SG Geo
1, more distinct differences are therefore expected.

6.3.2 Longitudinal Aerodynamic Coefficients

Lift Coefficient Characteristics

Figure 6.30 shows the lift coefficient characteristics of configurations SG Geo 2 and SG Geo 3
versus the angle of attack. Compared to the reference configuration SG Geo 1, both cases nearly
result in the same lift coefficient curves. Significant differences are only noticeable in the lift
slope CL,α for configuration SG Geo 3, see Figure 6.30b. Configuration SG Geo 2 shows rather
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(a) Lift coefficient.
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Figure 6.30: Longitudinal aerodynamic coefficients of configurations SG Geo 2 and SG Geo 3 –
Lift coefficient CL and derivative CL,α versus angle of attack α.
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insignificant deviations in the CL,α values at low to medium angles of attack. They are the
result of the OB LE vortex, which is only present up to α = 12◦. From then on, the flow field
characteristics are equal to those of the reference configuration SG Geo 1, which leads to the
same lift-slope characteristics with increasing angle of attack.

With respect to configuration SG Geo 3, the occurring deviations are caused by the midboard
leading-edge vortices. Increasing CL,α values are noticed first up to α = 10◦, since the MB LE
vortex I becomes continuously stronger. As soon as the MB LE vortex I also controls the outboard
wing region, a lift-slope-decreasing trend becomes dominantly, since the attached flow region in
between of the MB LE vortex I and the recirculation area is suddenly diminished. In addition,
the incipient and upstream-moving vortex breakdown amplifies this trend. For angles of attack
of α > 14◦, the lift slope increases again, as the IB and MB LE vortex become stronger and more
dominantly. With increasing angle of attack, the lift-slope characteristics are then comparable to
those of the reference configuration SG Geo 1. At the angles of attack of α = 23◦ and α = 24◦,
the effect of the MB LE vortex II is finally observed, and increasing values are present again. For
even higher angles of attack, remarkable deviations can thus be expected in comparison to the
reference configuration SG Geo 1.

Drag Coefficient Characteristics

Next, the drag coefficient characteristics are compared to each other. The results are presented in
Figure 6.31. Between configurations SG Geo 2 and SG Geo 1, no relevant differences are present.
The low impact of this leading-edge contour modification thus becomes visible for the entire angle-
of-attack polar. Configuration SG Geo 3, in contrast, results in increased drag coefficient values
compared to the reference configuration SG Geo 1. This is due to the additional MB LE vortex I.
Overall, higher drag coefficients are present, especially with increasing angle of attack. Together
with the slightly different lift coefficients, this shifts the resulting Lilienthal polar to the right.
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(a) Drag coefficient.
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Figure 6.31: Longitudinal aerodynamic coefficients of configurations SG Geo 2 and SG Geo 3 –
Drag coefficient CD versus angle of attack α and Lilienthal polar CL versus CD.
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The associated maximum lift-to-drag ratio at α = 6◦ alters to (CL/CD)max,SG Geo 3 = 12.06. At
α ≥ 23◦, the deviations attenuate, which again leads to comparable drag coefficient values.

Pitching-Moment Coefficient Characteristics

Finally, the pitching-moment characteristics are assessed for configurations SG Geo 2 and SG Geo
3. In Figure 6.32, the corresponding curves are opposed to those of the reference configuration
SG Geo 1. In line with the findings of the lift coefficient characteristics, configuration SG Geo 2
does not show decisive differences in the pitching-moment characteristics over the entire angle-
of-attack polar. The results of the local center of pressure and the derived stability value prove
this observation, see Figure 6.33. Therefore, the longitudinal stability behavior is almost equal
in comparison to the reference configuration SG Geo 1. The outboard leading-edge contour
modification of configuration SG Geo 2 is thus of only minor importance for general application
as passive flow control concept.

The continuing discussion concentrates on the results of configuration SG Geo 3. Compared to
the pitching-moment characteristics of configuration SG Geo 1, the MB LE vortex I influences the
longitudinal stability derivative for the first time at moderate angles of attack, see Figure 6.32b.
At α = 11◦ and α = 12◦, the derivative considerably decreases in its absolute value, which is not
seen for the other two cases. The effect is caused by the changing flow field characteristics in the
outboard wing section as explained before. For the angle of attack of α = 12◦, the underlying
reasons are emphasized by the surface pressure distributions shown in Figure 6.34a and Figure
6.34b. On the one hand, the MB LE vortex I formation for configuration SG Geo 3 begins
upstream of the longitudinal pitching-moment reference point xmrp (1). As a result, increased
suction levels are noticed compared to configuration SG Geo 1. On the other hand, the vortical
flow replaces the high leading-edge suction peaks of configuration SG Geo 1 downstream of xmrp

(2). The upstream-moving vortex breakdown of configuration SG Geo 3 additionally decreases
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(a) Pitching-moment coefficient.
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(b) Longitudinal stability derivative.

Figure 6.32: Longitudinal aerodynamic coefficients of configurations SG Geo 2 and SG Geo 3 –
Pitching-moment coefficient Cmy and derivative Cmy,α versus angle of attack α.
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the wing-tip suction levels (3). In total, this together leads to the noticeable deviation in the
pitching-moment characteristics. The longitudinal stability value is thereby slightly reduced at
the respective angles of attack, see Figure 6.33b.

With increasing angle of attack, the pitching-moment characteristics of configuration SG Geo 3
approximate to those of the reference configuration SG Geo 1, see Figure 6.32b. It is a consequence
of the strengthened IB LE vortex, which becomes the dominant factor for the overall trend.
For the angles of attack of 17◦ ≤ α ≤ 21◦, small deviations are noticed again between both
configurations due to the existence of the MB LE vortex I. Finally, a pronounced change is
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Figure 6.33: Longitudinal stability investigation of configurations SG Geo 2 and SG Geo 3 – Local
center of pressure xd/cr and stability value | (xmrp − xn) /lµ| vs. angle of attack α.

(a) SG Geo 3, α = 12◦.

(b) SG Geo 1, α = 12◦.

(c) SG Geo 3, α = 24◦.

(d) SG Geo 1, α = 24◦.

Figure 6.34: Longitudinal stability investigation of configuration SG Geo 3 – Surface pressure
coefficient cp.
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observed in the characteristics of configuration SG Geo 3 at α = 23◦ and α = 24◦. Due to
the advent of the MB LE vortex II, the longitudinal stability derivative shows a distinct pitch-
up tendency, see Figure 6.32b. The pitching-moment coefficient curve results in a remarkable
deflection, see Figure 6.32a, and the derived stability value is almost reduced to 0%, see Figure
6.33b. The reasons for this behavior are demonstrated by the pressure coefficient distribution
comparison at α = 24◦, which is shown in Figure 6.34c and Figure 6.34d. Due to the split-up
of both MB LE vortices, the overall size of the immediate suction region downstream of xmrp

is reduced for configuration SG Geo 3 compared to the reference configuration SG Geo 1 (4).
The MB LE vortex I indeed exhibits decreased pressure coefficient values along the vortex axis
downstream of xmrp, but this also holds upstream of the pitching-moment reference point (5). The
combination of the two MB LE vortices further impacts the size of the extended suction region
downstream of xmrp as well (6), and it is reduced for configuration SG Geo 3. Altogether, this
particularly influences the resulting pitching-moment coefficients, and pitch-up characteristics are
almost present at α = 24◦. For higher angles of attack, unstable characteristics are consequently
expected for configuration SG Geo 3. Hence, this demonstrates the impact of the applied leading-
edge contour modification on the longitudinal stability behavior. Especially at higher angles of
attack, the integral forces and moments are therefore controlled. In sum, configuration SG Geo
3 represents an example for passive flow control by leading-edge contour modification.

6.3.3 Synthesis

Two configurations with modified leading-edge contours have been considered in this section,
namely configurations SG Geo 2 and SG Geo 3. Due to additional sharp leading-edge segments
in the outboard and midboard wing sections, respectively, differences in the flow physics have
been identified compared to the reference configuration SG Geo 1. The impact on the longitudinal
aerodynamic coefficients is rated differently, which leads to the following conclusions:

Configuration SG Geo 2

• The additional sharp leading-edge contour in the outboard wing section of configuration
SG Geo 2 influences the flow physics only up to the angle of attack of α = 12◦. The emerg-
ing outboard leading-edge vortex is not stable, since vortex breakdown instantly becomes
dominantly.

• Beginning with α = 12◦, the outboard leading-edge vortex has completely vanished and is
replaced by a recirculation area with flow reversal, which is almost equal to the outboard
separation region of the reference configuration SG Geo 1. Despite the modified leading-
edge contour, no significant differences compared to the flow physics of configuration SG
Geo 1 are thus present any longer.

• The longitudinal aerodynamic coefficients are hardly influenced by the leading-edge contour
modification of configuration SG Geo 2. Consequently, the outboard leading-edge shape
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can not control the integral forces and moments with increasing angle of attack. In the
context of passive flow control concepts, this finally shows the low impact of the outboard
leading-edge contour on the aerodynamic characteristics of the SAGITTA configuration.

Configuration SG Geo 3

• Due to the sharp leading-edge contour in the midboard leading-edge segment III, the flow
physics associated with configuration SG Geo 3 is influenced more considerably. As a result,
a midboard leading-edge vortex is present over the entire angle-of-attack polar.

• The midboard leading-edge vortex, which occurs at α = 20◦ for the reference configuration
SG Geo 1 due to a smooth surface separation, is still relevant for configuration SG Geo
3. It complicates the overall flow field characteristics with increasing angle of attack. In
consequence, three different partly-developed leading-edge vortices are present at α = 24◦,
namely the inboard and two midboard leading-edge vortices.

• The longitudinal aerodynamic coefficients of configuration SG Geo 3 are influenced by the
additional sharp leading-edge contour over the entire angle-of-attack polar. In particular,
the pitching-moment coefficient characteristics are changed. As a result of the complex
vortex flow phenomena with increasing angle of attack, pitch-up characteristics are almost
present at α = 24◦. Hence, this proves the general ability of leading-edge contour modifica-
tions to affect the aerodynamic characteristics and to control the overall stability behavior.
In case of the SAGITTA configuration, the midboard wing section is appropriate for this
purpose. Due to the decreased longitudinal stability at higher angles of attack, the agility
of the diamond wing configuration is thereby improved.

6.4 Leading-Edge Twist Modification

The last configuration considered in this research, namely configuration SG Geo 4, is characterized
by a leading-edge twist modification of the reference configuration SG Geo 1. The leading-edge
nose coordinate is twisted along the semi-span in z-direction. The corresponding local distribution
can be observed from Figure 1.11. At the wing tip, the entire airfoil section is twisted versus
the root chord airfoil. Overall, the applied leading-edge twist modification results in increased
effective angles of attack, especially in the midboard wing section. In consequence, the smooth
surface separation in the midboard wing region with the MB LE vortex formation is expected to
occur already at lower angles of attack.

6.4.1 Flow Physics Analysis

Figure 6.35 shows the resulting flow phenomena for the considered angle-of-attack polar. Up to
α = 12◦, only minor differences can be observed in the overall flow field characteristics compared
to the reference configuration SG Geo 1. Because of the modified leading-edge nose position at
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(a) α = 8◦.

(b) α = 12◦.

(c) α = 16◦.

(d) α = 20◦.

(e) α = 24◦.

(f) α = 8◦.

(g) α = 12◦.

(h) α = 16◦.

(i) α = 20◦.

(j) α = 24◦.

Figure 6.35: Flow physics analysis of configuration SG Geo 4 – Surface pressure coefficient cp
including field streamlines, and axial vorticity contours ωx · lµ/U∞.
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the inboard transition from sharp to round, the IB LE vortex strength is slightly decreased
at first, compare Figure 6.35a and Figure 6.8a. The high leading-edge suction levels in the
midboard attached flow region, in contrast, are promoted upstream and are more pronounced for
configuration SG Geo 4, see Figure 6.35b and Figure 6.8b.

At the angle of attack of α = 16◦, the flow physics shown in Figure 6.35c indicates a fundamental
change in the outboard and midboard flow field characteristics, since a distinct MB LE vortex
is present in this case. It controls the outboard flow field and the recirculation area is no longer
relevant. To emphasize the flow separation onset in more detail, additional skin-friction patterns
are presented in Figure 6.36. In particular, the flow physics progression is considered from α = 15◦

to α = 18◦. Figure 6.36a and Figure 6.36b depict the situation at α = 15◦. Converging skin-
friction lines occur close to the leading edge and direct towards a focus point, where the incipient
MB LE vortex escapes from the wing surface. The local skin-friction structure is very similar
to the corresponding one of the reference configuration SG Geo 1 at α = 20◦, see Figure 6.9d.
Hence, this proves the assumption of a premature MB LE vortex formation at configuration SG
Geo 4 in consequence of the increased effective angle of attack. More inboard on the upper wing
surface, additional converging skin-friction lines are noticed in Figure 6.36b. This structure is
quite comparable to the corresponding skin-friction lines of configuration SG Geo 1 at α = 16◦,
compare Figure 6.9b. The particular skin-friction line, which divides the IB LE vortex flow and
the midboard attached flow, directly starts at the contour transition from sharp to round (1). If
the angle of attack is only slightly increased, the MB LE vortex strongly develops and a primary
separation line is suddenly present along the entire midboard wing section, see Figure 6.36d.
Beginning with the contour transition point (1), it is located offside the leading edge on the
upper wing surface, thus defining the incipient separation region. The MB LE vortex footprint
is observed further outboard, and distinct vortex suction levels occur. From then on towards the
wing tip, the primary separation line is displaced to the wing leading edge. At α = 17◦, the MB
LE vortex is massively promoted upstream and the vortex axis moves considerably inboard on
the upper wing surface, see Figure 6.36e. Compared to the reference configuration SG Geo 1, the
progression of the MB LE vortex happens more abruptly and with increased intensity. This is
a result of the leading-edge twist modification. In addition, the primary separation line slightly
moves back towards the leading edge, see Figure 6.36f, but with increasing angle of attack, it
still remains on the upper wing surface. The outboard flow between the MB LE vortex and the
leading edge is fed by fluid transport of the IB LE vortex, which is concluded from the condensed
skin-friction lines in this area (2). With increasing MB LE vortex strength, this leads to secondary
separation effects in the midboard wing region (3), see Figure 6.36h and Figure 6.36j. For the
angle of attack of α = 24◦, the associated separation and attachment lines are highlighted.

Figure 6.35d and Figure 6.35e globally demonstrate the upstream progression of the MB LE
vortex with increasing of attack. At α = 24◦, the IB LE vortex and the MB LE vortex merge
together and form one dominant vortex structure. The axial vorticity contour levels support this
observation, since the downstream IB LE vortex footprints on the wing surface become less dis-
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(a) α = 15◦. (b) α = 15◦.

(c) α = 16◦. (d) α = 16◦.

(e) α = 17◦. (f) α = 17◦.

(g) α = 18◦. (h) α = 18◦.

(i) α = 24◦. (j) α = 24◦.

Figure 6.36: Flow physics analysis of configuration SG Geo 4 – Surface pressure coefficient cp
including skin-friction lines.
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(a) x/cr = 0.1.

(b) x/cr = 0.2.

(c) x/cr = 0.3.

(d) x/cr = 0.4.

(e) x/cr = 0.45.

(f) x/cr = 0.5.

(g) x/cr = 0.6.

(h) x/cr = 0.1.

(i) x/cr = 0.2.

(j) x/cr = 0.3.

(k) x/cr = 0.4.

(l) x/cr = 0.45.

(m) x/cr = 0.5.

(n) x/cr = 0.6.

Figure 6.37: Flow physics analysis of configuration SG Geo 4 – Axial vorticity contours ωx ·lµ/U∞
and absolute velocity contours V /U∞ at α = 24◦.
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tinct due to the feeding of the MB LE vortex, see Figure 6.35j. For selected chordwise sections,
Figure 6.37 highlights this trend in sectional contour plots. Compared to the corresponding
characteristics of the reference configuration SG Geo 1, see Figure 6.10, the IB LE vortex is
less intense in the downstream chordwise sections. The MB LE vortex, in contrast, is much
more developed in the upstream wing sections. Already at x/cr = 0.3, the MB LE vortex
is observed due to the premature flow separation onset, see Figure 6.37c. Pronounced axial
vorticity contour levels are then noticed up to x/cr = 0.45, before decreased ωx values become
dominantly. Moreover, the area with low axial vorticity levels of the MB LE vortex is increased,
which demonstrates the occurring vortex bursting phenomena. The dominant role of the MB LE
vortex at higher angles of attack is thus emphasized for configuration SG Geo 4. The absolute
velocity development of the MB LE vortex furthermore confirms the vortex breakdown process
in the downstream wing sections, as the wake-type character in the vortex core flow is clearly
seen in Figure 6.37k to Figure 6.37n. In comparison to the reference configuration SG Geo
1, the plots also show the upstream-shifted vortex breakdown for configuration SG Geo 4 in
consequence of the earlier MB LE vortex formation. The vortex core flow of the IB LE vortex
in the most upstream wing sections, in contrast, is stabilized by the combined vortex structure.
The comparison at x/cr = 0.2 indicates a reduced wake-type character of the IB LE vortex core
flow for configuration SG Geo 4, see Figure 6.37i and Figure 6.10i. This is again caused by the
nearby existence of the MB LE vortex and the associated fluid transport to feed the additional
leading-edge vortex. As a result, this also leads to more pronounced suction levels along the IB
LE vortex axis in the most upstream wing region, compare Figure 6.36j and Figure 6.9f.

6.4.2 Longitudinal Aerodynamic Coefficients

Lift Coefficient Characteristics

The effects of the leading-edge twist modification on the lift coefficient characteristics are pre-
sented in Figure 6.38. With respect to the integral values of the lift coefficient, differences to the
reference configuration SG Geo 1 are hardly noticeable over the angle-of-attack polar. The cor-
responding lift slope, in contrast, emphasizes the deviations, which are present for configuration
SG Geo 4 by the premature MB LE vortex formation and its progression. They become obvious
for α > 12◦, as the intensified leading-edge suction levels in the attached midboard wing section
first lead to a more pronounced lift-slope increase, see Figure 6.38b. As soon as the MB LE vor-
tex strongly develops and the flow separates close to the midboard leading edge, the CL,α values
remarkably decrease for α > 15◦. This effect is however attenuated shortly after, since the abrupt
upstream promotion of the MB LE vortex is damped with increasing angle of attack and both LE
vortices are continuously strengthened. In total, this leads to a slight and constant reduction of
the lift-slope values at higher angles of attack, which is less distinct than the lift-slope reduction
of configuration SG Geo 1. In summary, this shows that the increasing vortex strength of the IB
and MB LE vortex can not compensate the effects of the upstream-moving vortex breakdown up
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to α = 24◦. Compared to the results of the reference configuration SG Geo 1, however, higher
lift-slope values are observed for α > 22◦.

Drag Coefficient Characteristics

Next, the drag coefficient characteristics of configuration SG Geo 4 are discussed, see Figure
6.39. Due to the earlier formation of the MB LE vortex compared to configuration SG Geo 1, a
significant drag increase is noticeable for angles of attack of α > 16◦. The abrupt formation of
the MB LE vortex contributes to the occurring deviations, which are observed up to α = 24◦. In
sum, configuration SG Geo 4 thus results in increased drag coefficient values at higher angles of
attack. The Lilienthal polar in Figure 6.39b further highlights this finding. In comparison to the
results associated with the leading-edge shape modifications of configurations SG Geo 2 and SG
Geo 3, see Figure 6.31b, more remarkable differences are therefore present.
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Figure 6.38: Longitudinal aerodynamic coefficients of configuration SG Geo 4 – Lift coefficient
CL and derivative CL,α versus angle of attack α.
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(a) Drag coefficient.
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Figure 6.39: Longitudinal aerodynamic coefficients of configuration SG Geo 4 – Drag coefficient
CD versus angle of attack α and Lilienthal polar CL versus CD.
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Pitching-Moment Coefficient Characteristics

The pitching-moment characteristics of configuration SG Geo 4 are finally considered. Figure 6.40
presents the corresponding coefficient and the longitudinal stability derivative versus the angle of
attack. Figure 6.41 highlights the resulting local center of pressure and the derived stability value.
Up to the angle of attack of α = 14◦, the pitching-moment characteristics of configuration SG
Geo 4 are equal to those of the reference configuration SG Geo 1. Then, remarkable differences
are present with increasing angle of attack. They are caused by the premature MB LE vortex
formation and the mutual interaction with the IB LE vortex. Overall, the effects are much
more distinct than those occurring for configuration SG Geo 2 and SG Geo 3. At α = 16◦ and
α = 17◦, the pitching-moment coefficient of configuration SG Geo 4 is momentarily displaced to
higher values, see Figure 6.40a. In consequence, the longitudinal stability derivative drastically
decreases in its absolute value, and the stability value is reduced to less than 4%, see Figure
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(b) Longitudinal stability derivative.

Figure 6.40: Longitudinal aerodynamic coefficients of configuration SG Geo 4 – Pitching-moment
coefficient Cmy and derivative Cmy,α versus angle of attack α.
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−5 0 5 10 15 20 25
 0

 5

10

15

20

α [◦]

|(
x
m
rp
−
x
n
)
/l

µ
|
[%

]
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Figure 6.41: Longitudinal stability investigation of configuration SG Geo 4 – Local center of
pressure xd/cr and stability value | (xmrp − xn) /lµ| vs. angle of attack α.
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6.40b and Figure 6.41b. The relevant reasons for this behavior are emphasized in Figure 6.42a
and Figure 6.42b. The comparison of the surface pressure coefficients shows the diverse flow field
characteristics of configurations SG Geo 4 and SG Geo 1 at α = 17◦. The upstream-moving
MB LE vortex instantly results in a flow separation onset located upstream of the pitching-
moment reference point xmrp (1), which in summary leads to a destabilizing effect compared to
the attached flow in the midboard wing section of configuration SG Geo 1. The suction levels of
the IB LE vortex are thereby increased for configuration SG Geo 4 (2), which also contributes
to the immediate stability loss. Finally, the interaction between the two vortical structures of
configuration SG Geo 4 further results in a region of reduced surface pressures upstream of xmrp

(3), and increased cp values downstream of the pitching-moment reference point (4). Altogether,
this ends up in the displacement of the Cmy values as shown in Figure 6.40a.

For α > 17◦, decreasing pitching-moment coefficients are noticed again for configuration SG
Geo 4. With increasing angle of attack, the negative slope increases and the pitching-moment
coefficients approximate to those of the reference configuration SG Geo 1. At α = 24◦, a difference
of only 4% is left in the final Cmy value. The corresponding stability derivative thus exhibits
decreasing values as well, see Figure 6.40b, but the overall trend attenuates. For α > 19◦,
the Cmy,α values are found to be smaller for configuration SG Geo 4 than for configuration SG
Geo 1. In summary, the local center of pressure is shifted downstream with increasing angle
of attack, and the derived stability value is increased, see Figure 6.41. At α = 24◦, a value of
| (xmrp − xn) /lµ| ≈ 16% is observed for configuration SG Geo 4, which roughly corresponds to
a 21% increase compared to the reference configuration SG Geo 1. Overall, this is the result of

(a) SG Geo 4, α = 17◦.

(b) SG Geo 1, α = 17◦.

(c) SG Geo 4, α = 24◦.

(d) SG Geo 1, α = 24◦.

Figure 6.42: Longitudinal stability investigation of configuration SG Geo 4 – Surface pressure
coefficient cp.
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the modified pressure distribution on the wing surface in consequence of the leading-edge twist
modification. By way of example, Figure 6.42c and Figure 6.42d demonstrate the corresponding
characteristics at α = 24◦. On the one hand, the combined vortex structure of the IB and the MB
LE vortex dominates the flow field upstream of the pitching-moment reference point to a larger
extent than in case of the reference configuration SG Geo 1 (5,6). The higher suction levels along
the vortex axes are rather disadvantageous with respect to the longitudinal stability behavior.
On the other hand, however, the increased vortex strength feeds the inboard attached flow region
downstream of xmrp more intensively in case of configuration SG Geo 4. It results in reduced
pressure coefficient values for a large inboard and downstream wing region (7). In total, this is
the key factor for the increased longitudinal stability value compared to configuration SG Geo
1. With respect to the pitching-moment characteristics of configuration SG Geo 5 as discussed
in Section 6.2.2, the same trends thus dominate the derived stability value of configuration SG
Geo 4 at high angles of attack. Once the IB and MB LE vortex have merged for configuration
SG Geo 4, one can further show the similarity of the corresponding surface pressure distributions
with those of configuration SG Geo 5. Despite the differences in the midboard and outboard
leading-edge contour, comparable cp values are observed on the diamond wing surface, apart from
slight deviations in the LE vortex suction levels upstream of xmrp. Compared to the reference
configuration SG Geo 1, this results in the increased stability value of configuration SG Geo 4
for the angles of attack of 19◦ < α < 24◦. In summary, the present analysis thus shows the
significance of the leading-edge twist modification for the pitching-moment characteristics at the
SAGITTA configuration. The changed flow field characteristics influence the longitudinal stability
behavior at high angles of attack in a positive manner, which proves configuration SG Geo 4 as
a successful concept of passive flow control. For even higher angles of attack not considered in
this thesis, the stability gain is still expected to remain, as the strength of the merged IB and
MB LE vortex increases and the downstream induction on the inboard attached flow regions is
maintained.

6.4.3 Synthesis

This section has discussed the flow physics and the aerodynamic coefficients of configuration SG
Geo 4, which features a leading-edge twist modification compared to the reference configuration
SG Geo 1. The results demonstrate that the overall flow field characteristics are changed for the
considered angle-of-attack polar. The longitudinal stability behavior is therefore influenced as
well. In comparison to the aerodynamic characteristics of the reference configuration SG Geo 1,
one can conclude:

Configuration SG Geo 4

• The formation of the midboard leading-edge vortex already becomes relevant at the angle
of attack of α = 15◦, since the effective angle of attack is increased in the rounded midboard
wing section due to the modified leading-edge nose coordinate. The vortex formation and
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progression based on the rounded leading-edge contour occurs more abruptly and more
intensively, which especially influences the pitching-moment characteristics of configuration
SG Geo 4.

• With increasing angle of attack, the upstream-moving midboard leading-edge vortex highly
interacts with the inboard leading-edge vortex. Both structures finally merge together and
impact the overall pressure distribution on the wing surface. The results indicate that this
fact is decisive with respect to the resulting stability characteristics in pitch, as the inboard
wing region with attached flow is also influenced to some extent.

• The premature flow separation onset of the midboard leading-edge vortex temporarily re-
duces the longitudinal stability of configuration SG Geo 4 at α = 16◦ and α = 17◦. For
higher angles of attack, in contrast, the pitching-moment characteristics then feature an
increased stability value compared to the reference configuration SG Geo 1. Consequently,
the leading-edge twist modification of configuration SG Geo 4 demonstrates a successful
passive flow control concept with regard to increased longitudinal stability at high angle of
attack.
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Chapter 7

Conclusion and Outlook

The analysis and control of partly-developed leading-edge vortices on moderately-swept, low-
aspect-ratio wing configurations are challenging in many aspects. Amongst others, occurring
leading-edge vortex separations strongly depend in this case on the airfoil shape including rounded
or spanwise-varying leading-edge contours, and on the boundary-layer characteristics due to
Reynolds number effects. Consequently, complex flow separation onset characteristics are usu-
ally present for this type of wing configuration, and vortex-vortex interactions may occur with
increasing angle of attack or sideslip conditions.

The present thesis has examined these issues in detail, as two different diamond wing config-
urations have been considered in experimental and numerical investigations at low-speed wind
tunnel (W/T) conditions. On the one hand, the flow separation onset characteristics associated
with rounded leading edges as well as the leading-edge vortex progression have been discussed on
the AVT-183 configuration. The wing design refers to analyses of an international research task
group within the community of NATO’s Science and Technology Organization. In particular, a
consistent flow-physical description of the leading-edge vortex formation from a smooth surface
separation on boundary-layer level in the incipient separation region has been provided in this
thesis for the first time. On the other hand, leading-edge contour modifications have been con-
sidered on the SAGITTA configuration, which relies on a research project associated with Airbus
Defence and Space. Generally, the application of a spanwise-varying leading-edge geometry is
motivated by mission requirements of typical unmanned (combat) aerial vehicle (U(C)AV) con-
figurations. Moreover, leading-edge contour modifications demonstrate concepts of passive flow
control. Some of them have therefore been reviewed and assessed in this thesis. They result in
various flow physics with regard to occurring partly-developed leading-edge vortices and integral
aerodynamic coefficients. The outcome of this study demonstrates improvements in the stability,
controllability and agility characteristics of the considered wing configurations. They are thus of
major relevance for practical wing designs of future low-observable U(C)AV applications, which
likewise need to consider optimized aerodynamic characteristics and radar cross-section issues
defined by wing planform and airfoil shape parameters.

The following paragraphs summarize the analyses that have been conducted in the course of
this thesis. Key results of each diamond wing configuration are highlighted and major findings are
emphasized. Thereafter, the overall outcome of both studies is combined and placed into context.
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This provides a final assessment of the conducted research. Lastly, an outlook is given on the
potential and need for future investigations, which are of central concern for further improvements
in the respective field of research.

Analysis of Partly-Developed Leading-Edge Vortices

The investigation of the AVT-183 configuration has provided valuable insights into the leading-
edge vortex formation and progression on a moderately-swept diamond wing configuration (ϕle =

53◦) with rounded leading-edge contour (NACA 64A006 airfoil). For the analyses, fully-turbulent
flow has been considered by a fixed transition location with corresponding low-speed free stream
conditions of Re∞ = 2.7 ·106 and Ma∞ = 0.15. Generally, the observed flow physics is character-
istic of the regarded type of vortex-dominated wing configuration. The derived findings therefore
contribute to an improved understanding of smooth surface separations with consecutive leading-
edge vortex formation. Essentially, the following conclusions can be stated:

• The flow field characteristics are represented by a partly-developed leading-edge vortex and
other relevant flow field phenomena such as upstream attached flow, a secondary vortex
separation close to the wing leading edge, and the "inner vortex" in the rear wing section.
Both W/T experiments and CFD investigations identify the flow field phenomena very
similarly. Hence, the results overall show a satisfying agreement between each other. In the
experimental analyses, the flow separation onset characteristics are very sensitive to flow
tripping by the applied leading-edge surface roughness. Specific target flow conditions have
been defined for this reason, which show reasonably-tripped flow and are thus comparable
to fully-turbulent CFD investigations.

• Upstream of the visible appearance of the leading-edge vortex, the vortical structure de-
velops on boundary-layer level in the incipient separation region (δ99 ≈ 0.002 m). The
area is confined by limiting skin-friction lines, which define whether the flow remains in
the inboard wing section or is relevant for the smooth surface separation with leading-edge
vortex formation. At α = 12◦, the incipient separation region begins at x/cr ≈ 0.17 while
the first large-scale appearance of the vortical structure is at x/cr ≈ 0.34.

• The partly-developed leading-edge vortex is mostly characterized by wake-type vortex core
flow with V /U∞ ≤ 0.8 and quickly-decreasing axial vorticity levels of ωx · lµ/U∞ ≤ 130.
Consequently, vortex bursting is immediately relevant after the large-scale appearance of
the leading-edge vortex. Moreover, local maxima of turbulent kinetic energy with k ≈ 0.1

are observed closely downstream at x/cr ≈ 0.40. They decrease towards the trailing edge.

• Two flow field phenomena are involved in the leading-edge vortex formation within the
incipient separation region. First, the leading-edge vortex core is formed by converging skin-
friction lines on the upper wing surface, which induce a three-dimensional flow separation
at x/cr ≈ 0.26. Second, a tiny boundary-layer vortex is present closer to the wing leading
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edge, which defines the origin of the primary separation line and later feeds the emerging
leading-edge vortex.

• The evaluation of the corresponding topological rule in sectional cuts demonstrates changing
arrangements of the singular points from upstream to downstream chordwise sections. Off-
body saddle points are present within the near-wall flow field, which indicates that the
partly-developed leading-edge vortex does locally not reattach to the wing surface. The
"inner vortex" is formed further downstream along an off-body line of saddle points within
the near-wall flow field. It is thereby not discernible in the corresponding skin-friction
patterns.

• The integral lift and drag coefficient characteristics are influenced only to a small extent
by the partly-developed leading-edge vortex. A non-linear lift increase due to leading-
edge vortex suction is not visible. The pitching-moment characteristics are affected more
considerably. As a result of the upstream-moving vortex breakdown characteristics, non-
linearities are observed with increasing angle of attack.

Passive Flow Control by Leading-Edge Contour Modifications

The effects of leading-edge contour modifications have been analyzed on the SAGITTA diamond
wing configuration. The respective leading-edge sweep angle is ϕle = 55◦ and the basic airfoil
shape is of NACA 64A012 type. In addition to the reference configuration SG Geo 1, which
features an inboard sharp leading-edge contour, and two cases with constant sharp and rounded
leading edges (SG Geo 5 / SG Geo 6), three different configurations with modified spanwise-
varying leading-edge contour (SG Geo 2 to SG Geo 4) have been investigated at low-speed W/T
conditions of Re∞ = 2.3 · 106 and Ma∞ = 0.13. In sum, the analyzed leading-edge contour
modifications successfully demonstrate concepts of passive flow control, which are representative
for application on typical U(C)AV designs. Therefore, one can conclude:

• The numerical results of the reference configuration SG Geo 1 are in very good agreement
with respective experimental data. In consequence, the effects of the further discussed
leading-edge contour modifications have been assessed exclusively based on CFD analyses.

• The flow field of the reference configuration SG Geo 1 is characterized by an inboard leading-
edge vortex with core flow velocities of V /U∞ ≤ 1.2. It is present due to the inboard sharp
leading-edge contour. In the outboard wing section with rounded leading-edge contour, a
recirculation area with flow reversal occurs with increasing angle of attack. At α = 20◦,
the outboard structure of irregular separated flow finally alters to a midboard leading-edge
vortex, which emerges from a smooth surface separation. It is characterized by wake-type
vortex core flow with V /U∞ ≤ 0.8 and immediately shows vortex bursting tendencies.

• Configuration SG Geo 5 with an entirely sharp leading-edge contour features a full-span
leading-edge vortex, which is of oval type and exhibits weak jet-type vortex core flow with
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V /U∞ ≤ 1.2 in the upstream wing sections. Vortex breakdown close to the trailing edge
already occurs at low to moderate angles of attack (αburst ≈ 12◦). This mostly leads to
wake-type vortex core flow in the rear wing sections. The results thereby prove that the
weak appearance of the leading-edge vortex and the vortex breakdown affinity is rather a
consequence of the moderately-swept wing planform than of the leading-edge shape.

• The analysis of configuration SG Geo 6 with entirely rounded leading edges demonstrates
that the midboard leading-edge vortex formation depends on the existence of the inboard
leading-edge vortex. In case of configuration SG Geo 6, no leading-edge vortex occurs on the
SAGITTA configuration up to α = 24◦, but the outboard region of irregular separated flow
continuously expands upstream. Compared to the results of the AVT-183 configuration,
the observations prove the delay in leading-edge vortex formation with increased airfoil
thickness at moderately-swept wing configurations featuring rounded leading edges.

• With regard to the aerodynamic characteristics of the reference configuration SG Geo 1,
one can conclude: For low to moderate angles of attack up to α = 16◦, the existence of the
inboard sharp leading-edge contour is of minor importance with respect to the longitudinal
aerodynamic coefficients. For higher angles of attack, in contrast, remarkable differences oc-
cur. Then, the inboard leading-edge shape is crucial for the midboard leading-edge vortex
formation. The aerodynamic characteristics are thereby controlled, including the corre-
sponding longitudinal stability behavior. The effects are most pronounced in the drag
and the pitching-moment coefficients, whereas the lift coefficients are mostly determined
by the wing planform only. With respect to the chosen pitching-moment reference point,
longitudinal stability is further assured over the entire angle-of-attack polar.

• The additional sharp leading-edge contour in the outboard wing section of configuration SG
Geo 2 influences the aerodynamic characteristics up to α = 12◦ only. With increasing angle
of attack, the flow physics does not differ any longer to those of the reference configuration
SG Geo 1. In the context of passive flow control concepts, this ultimately shows the low
impact of the outboard leading-edge contour on the aerodynamic characteristics of the
SAGITTA configuration.

• Due to the additional sharp leading-edge contour in the midboard wing section, the flow
physics associated with configuration SG Geo 3 is influenced more considerably. This time,
a further midboard leading-edge vortex is present over the entire angle-of-attack polar.
For α ≥ 20◦, in total three different partly-developed leading-edge vortices are observed,
which interact with each other and complicate the flow field characteristics. In consequence,
the aerodynamic coefficients are influenced with increasing angle of attack, especially the
pitching-moment coefficient characteristics. At α = 24◦, pitch-up tendencies are nearly
reached on the SAGITTA configuration, which increases the response characteristics in
terms of flight control inputs. Hence, the applied leading-edge contour modification in the
midboard wing section is appropriate to control the overall stability behavior.
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• The leading-edge twist modification of configuration SG Geo 4 lowers the formation of the
midboard leading-edge vortex from a smooth surface separation to the angle of attack of
α = 15◦. The flow separation onset and progression occurs more abruptly and more in-
tensively in this case, which in particular influences the pitching-moment characteristics.
With increasing angle of attack, distinct vortex-vortex interactions are present between the
inboard and the midboard leading-edge vortex, before both structures finally merge. For
α ≥ 19◦, the pitching-moment characteristics result in an increased longitudinal stability
compared to the reference configuration SG Geo 1. Overall, the leading-edge twist modi-
fication of configuration SG Geo 4 demonstrates a successful passive flow control concept
with regard to enhanced longitudinal stability at high angle of attack.

Final Assessment

In combination, the investigation of the two diamond wing configurations in this thesis has
significantly increased the level of knowledge on partly-developed leading-edge vortices occurring
from smooth surface separations and spanwise-varying leading-edge contours. By the detailed
analysis of the AVT-183 configuration, a fundamentally important contribution has been provided
with regard to the overall understanding of the associated flow physics. The consistent flow-
physical description of the flow separation onset and the leading-edge vortex progression including
vortex breakdown effects adds to the fundamentals in this field of research. Moreover, the observed
flow field phenomena are characteristic of moderately-swept wing configurations with rounded
leading edges. The influence of airfoil thickness and leading-edge radius on the leading-edge
vortex formation has also been demonstrated in this context by a comparison of the respective
results to the corresponding ones of the SAGITTA configuration SG Geo 6.

In general, the key findings on the flow field characteristics of the AVT-183 configuration
likewise apply to the flow physics of the SAGITTA configuration. This holds particularly for
the weak appearance of occurring leading-edge vortices with mostly wake-type vortex core flow,
instantaneous vortex bursting tendencies, and leading-edge vortex core shapes of oval type. The
underlying reasons for the observed flow physics, however, are in this case not obvious at first sight.
This is due to the increased airfoil thickness and the spanwise-varying leading-edge contour, from
which vortex-vortex interactions arise with increasing angle of attack. This altogether complicates
the flow physics of the considered SAGITTA configurations with modified leading-edge contours.
In consequence, partly-developed leading-edge vortices occurring from smooth surface separations
are considerably delayed and shifted to higher angles of attack. Moreover, they are only provoked
by the existence of an inboard leading-edge vortex occurring from inboard sharp leading edges,
or by a leading-edge twist modification of the midboard rounded leading-edge contour.

The fundamental effects of the flow field phenomena, which are present for configurations SG
Geo 1 to SG Geo 4, have thus been accessible by the flow field characteristics of the AVT-183
configuration and the SAGITTA configurations SG Geo 5 and SG Geo 6 with entirely sharp and
rounded leading-edge contours. Therefore, the aerodynamic characteristics of those configurations
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with a spanwise-varying leading-edge contour have been understood and valued with regard to
flight performance issues as well as stability concerns in the longitudinal motion. In sum, the
lift coefficients have been found to vary only slightly by the leading-edge contour modifications,
whereas drag and pitching-moment coefficients alter more significantly. Overall, the considered
passive flow control concepts can therefore be regarded as examples for application on U(C)AV-
related wing configurations. Due to the spanwise-varying leading-edge contours, relevant mission
requirements such as low-observability criteria are accounted for while improvements on the
longitudinal stability characteristics can also be achieved.

Outlook

The key findings of this thesis underline the significance of the AVT-183 configuration for the
study of smooth surface separations. Furthermore, they have confirmed the potentials of passive
flow control concepts on the SAGITTA configuration with regard to practical U(C)AV applica-
tions. Future investigations should now strive to extend the present research to other regimes
within the flight envelope of related low-aspect-ratio wing designs. In particular, additional anal-
yses with increased Mach and Reynolds numbers are essential in this context. At low-speed
W/T conditions, the foundations have been laid by this thesis, but the knowledge on partly-
developed leading-edge vortices at real-scale flight conditions of respective U(C)AV applications
must further be improved. Since such low-aspect-ratio wing configurations commonly operate up
to high subsonic Mach numbers, transonic effects will be present that also determine the over-
all aerodynamic shaping. Thus, the competing mission requirements concerning aerodynamic
performance and radar cross-section issues are influenced even more by other parameters. The
rather low impact of the leading-edge contour modifications on the lift coefficient characteristics,
as demonstrated in this thesis, presents further options that allow for more rigorous leading-edge
geometry changes in order to optimize the aerodynamic performance with increasing angle of
attack by separated leading-edge vortex flow. The resulting effects on the pitching-moment co-
efficient characteristics, including the associated stability behavior, however, can not be foreseen
to the full extent, especially in other regimes of the flight envelope.

As a result of the extensive experimental investigations conducted for this research, compre-
hensive data sets have further been derived for the AVT-183 and the SAGITTA configuration.
They provide high-quality data bases suitable for overall CFD validation, which focuses on rele-
vant flow fields of vortex-dominated wing configurations with reduced wing sweep and rounded
or spanwise-varying leading-edge contours. With respect to a larger time horizon, the obtained
data could therefore lead to an improved predictability of corresponding flow physics in present
CFD codes, as current turbulence models could be tuned according to the experimental findings.
The outcome of this research could thereby directly contribute to corresponding U(C)AV design
and development, which is commonly undertaken by numerical analyses and mostly focuses on
flight-relevant Mach and Reynolds numbers.
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Appendix A

Experimental Approach

Wind Tunnel Test Facility

Table A.1 and Table A.2 state additional information on the W/T facility A of TUM-AER. On
the one hand, the main characteristics in terms of geometric details and performance data are
given. On the other hand, corresponding parameters describing the flow quality within the test
section are summarized.

Cross-section of
the test section

Contraction
ratio

Test section
length

Maximum
power

Maximum
velocity

1.8 m x 2.4 m 7:1 4.8 m 420 kW 65 m/s (open)
75 m/s (closed)

Table A.1: Characteristic data of the W/T facility A of TUM-AER.

Turbulence intensity Tux = Tuy = Tuz
< 0.4% (open)
< 0.2% (closed)

Angle divergence ∆α = ∆β < 0.2◦

Static pressure deviation ∆p/q∞ ≤ 0.4%

Temporal speed non-uniformity U∞ ≤ 20 m/s : ∆U∞ ≤ 0.12 m/s
at x = 1.5 m, rts ≤ 0.8 m U∞ > 20 m/s : ∆U∞ ≤ 0.0067 · U∞
Spatial speed non-uniformity U∞ ≤ 20 m/s : ∆U∞ ≤ 0.12 m/s
at x = 1.5 m, rts ≤ 0.8 m U∞ > 20 m/s : ∆U∞ ≤ 0.0067 · U∞
Maximum unit Reynolds number Rts,max 4.9 · 106, per meter

Table A.2: Flow quality of the W/T facility A of TUM-AER.
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Appendix B

Analysis of Partly-Developed Leading-Edge
Vortices

Applied W/T Corrections

To compare the numerical data of the AVT-183 configuration most efficiently with the experi-
mental results of the semi-span W/T model, Coppin et al. suggested the application of W/T
corrections, which consider the lift interference effects between the W/T model and the open-jet
boundary [35]. Solid and wake blockage corrections are thought to be comparatively small in this
case and are not considered, since the W/T test section is of open-jet type and the W/T model
volume is low. The applied W/T corrections overall rely on comprehensive findings that were

Figure B.1: Sketch of mirrored W/T
test section for the applied
W/T correction [35].

summarized by Garner et al. in an AGARDograph [45].
The W/T corrections are based on some assumptions,
which are briefly summarized:

• The W/T model is mounted on the peniche on the
W/T wall. The wall acts as a symmetry plane, see
Figure B.1.

• The W/T corrections are calculated for an equiv-
alent W/T tunnel with double the cross-sectional
area.

• The W/T corrections are based on boundary cor-
rection factors. The upwash is assumed to vary
linearly in the free stream direction.

– δ0: Non-dimensional mean value of the W/T
tunnel upwash due to lift.

– δ1: Streamwise variation of upwash due to lift.

• The correction factors are accessible from literature
[45] and linear theory. They result in δ0 = −0.2

and δ1 = −0.275 [35].

197



Analysis of Partly-Developed Leading-Edge Vortices

The W/T corrections are applied to the experimental reference data such that the lift coefficient
remains unchanged. In consequence, Equations B.1 to B.3 describe the angle-of-attack correction
and the corrections to the drag and pitching-moment coefficient, respectively:

∆α =

(
δ0 +

¯̄cδ1
2βh

)
· SCL

C
(B.1)

∆CD = δ0 ·
SCL

2

C
(B.2)

∆Cmy =
c̄δ1
16βh

·
[(

¯̄c

c̄

)2

+
1

3
(Λ · tanϕ50%)

2 ·
(
2−

¯̄c

c̄

)]
· SCL

C
· ∂CL

∂α
(B.3)
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Appendix C

Passive Flow Control by Leading-Edge
Contour Modifications

Flow Physics Analysis – Lateral Motion

Additional information on the reference configuration SG Geo 1 is presented. At first, comple-
mentary plots with respect to the validation of the numerical method are shown. For the sideslip
angle of β = −10◦, Figure C.1 and Figure C.2 depict the aerodynamic coefficients and corre-
sponding surface pressure coefficient distributions in selected chordwise sections. In line with the
analysis of Section 6.1.1, both the CFD data and the W/T results are plotted. At low to medium
angles of attack, very good correlations are observed. With increasing angle of attack, deviations
between the CFD and W/T results become obvious, but the overall trend is matched. The cor-
responding chordwise pressure coefficient distributions show small differences in the prediction of
the IB LE vortex suction peak and the flow separation onset characteristics in the outboard wing
section. These observations hold likewise for the sideslip angle of β = 10◦, which in summary
leads to small differences in the prediction of the occurring asymmetric flow phenomena between
the numerics and the experiments. Finally, this then results in slightly different predictions of
the lateral aerodynamic coefficients with increasing angle of attack.

Next, the near-wall flow field characteristics of the lateral motion with a sideslip angle of
β = 10◦ are considered, see Figure C.3. The case with β = −10◦ has already been discussed in
Section 6.1.2. Compared to the flow physics associated with β = −10◦ and β = 0◦, respectively,
no OB or MB LE vortex structures emerge on the right semi-span wing. Instead, the outboard
recirculation region of irregular separated flow is even more dominant with increasing angle of
attack. Consequently, vortex separation effects are only present due to the inboard sharp leading-
edge contour. Overall, the flow field characteristics presented in Figure C.3 at β = 10◦ correspond
to those on the left semi-span wing with β = −10◦. In summary, both cases thus define the
asymmetric flow phenomena with different flow separation onset and progression characteristics
that occur on the reference configuration SG Geo 1 in the lateral motion. These flow phenomena
then influence the integral forces and moments in the lateral degrees of freedom as shown in
Figure C.1 to Figure C.2.
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Passive Flow Control by Leading-Edge Contour Modifications
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Figure C.1: CFD validation – Lateral aerodynamic coefficients versus angle of attack α at β =
−10◦, configuration SG Geo 1.
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(a) α = 12◦, x/cr = 0.2.
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(b) α = 12◦, x/cr = 0.5.
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(c) α = 16◦, x/cr = 0.2.
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(d) α = 16◦, x/cr = 0.5.
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(e) α = 20◦, x/cr = 0.2.
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(f) α = 20◦, x/cr = 0.5.

Figure C.2: CFD validation – Surface pressure coefficient cp versus semi-span y/s(x) at β = −10◦,
configuration SG Geo 1.
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Passive Flow Control by Leading-Edge Contour Modifications

(a) α = 8◦.

(b) α = 12◦.

(c) α = 16◦.

(d) α = 20◦.

(e) α = 24◦.

(f) α = 8◦.

(g) α = 12◦.

(h) α = 16◦.

(i) α = 20◦.

(j) α = 24◦.

Figure C.3: Flow physics analysis of configuration SG Geo 1 – Surface pressure coefficient cp
including streamlines, and axial vorticity contours ωx · lµ/U∞ at β = 10◦.
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