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Leider ldsst sich eine wahrhafte Dankbarkeit

mit Worten nicht ausdricken.

JoHANN WOLFGANG VON GOETHE (1749-1832)



Hintergrund der Forschung

Die folgende Arbeit entstand wahrend der Tétigkeit als wissenschaftlicher Mitarbeiter am Lehrstuhl
fiir Luftfahrtsysteme der Technischen Universitdat Miinchen. Initiiert und zu groften Teilen finanziert
durch das Unternehmen Airbus Defence and Space (ehemals Cassidian) wurden im Rahmen der na-
tionalen Forschungskooperation ,SAGITTA® von mehreren Partnerorganisationen unterschiedlichste
Technologien untersucht, die fiir die zukiinftige Nutzung von unbemannten Flugsystemen (UAS) von
Bedeutung sind. Die Schwerpunkte lagen dabei in den Bereichen Autonomie, Kommunikation (Da-
tenverbindung) und Systementwurf von niedrig gestreckten, unkonventionellen Flugzeugkonfigura-
tionen. Speziell auf dem letztgenannten Gebiet des Flugzeugentwurfs soll die folgende Ausarbeitung
mit den darin enthaltenen Erkenntnissen einen Beitrag dazu liefern, den Reifegrad von innovati-
ven, technischen Lésungen zu erhéhen. Durch die Verbindung der Fachdisziplinen Aerodynamik,
Flugantriebe, Flugmechanik und Gesamtsystementwurf entstand somit eine ganzheitliche Machbar-

keitsstudie fiir einen aus der Literatur entnommenen Ansatz zur  klappenlosen® Flugsteuerung.



Zusammenfassung

Im Kontext von klappenlosen Flugsteuerungskonzepten gewinnt die aktive Stromungskontrolle mit-
tels gezielter Ausblasung an der Fliigelhinterkante zusehends an Bedeutung. Besonders ist hier die
sog. ,,Coanda-Klappe* als fluidisches Flugsteuerungssystem von Interesse, welches sich den Coanda-
Effekt fiir die Manipulation der lokalen Zirkulation zu Nutze macht. Die technische Umsetzung im
Flugzeuggesamtsystem schliefst jedoch grundséitzlich mehrere interagierende Subsysteme wie Trieb-
werk, Leitungssystem sowie die Coandi-Klappe selbst mit ein. Fiir deren gesamtheitliche Leistungs-
beurteilung bietet diese Arbeit eine Modellierungskette, die den Anforderungen des Vorentwurfsta-
diums gerecht wird. Zu diesen zidhlen Robustheit, ausreichende Genauigkeit, geringe Berechnungs-

dauer und Automatisierbarkeit.

Der einleitende Uberblick iiber den aktuellen Stand der Forschung beschreibt zunichst die rele-
vanten Stromungsphinomene und deren messbare Wirkung auf aerodynamische Steuerkrifte und
-momente, sowie den Einfluss von Entwurfsparametern und Umgebungsbedingungen. Die anschlie-
fende Diskussion iiber numerische Modellierungsversuche von Coand#-Profilen aus der Literatur
legt die gewihlte 2,5D-Modellierungsstrategie fest. Darin werden mittels eines eigens implementier-
ten RANS-Finite-Volumen-Verfahrens mit modifiziertem Turbulenzmodel (Menter SST) automati-
siert berechnete Profilpolaren in einer weiterentwickelten potentialtheoretischen ,Profilkriimmungs-
Methode* (VLM) weiterverarbeitet. Dadurch kénnen die aerodynamischen Steuerreaktionen auf
einem (niedrig gestreckten) endlichen Fliigel berechnet werden. Fiir die Triebwerksmodellierung lie-
fert das mittels Skriptdateien ausgefiihrte, kommerzielle Programm GasTurb V12 den Einfluss der
Zapfluftentnahme in allen wichtigen Betriebszustéinden. Die Druckverluste durch viskose Effekte
im Leitungssystem werden anhand eines quasi-eindimensionalen Finite-Volumen-Ansatzes in Ver-
bindung mit empirischen Beziehungen abgeschitzt. Die Fusion der vorberechneten Datensétze in
SIMULINK ermoglicht schlieflich die flugdynamische Simulation (6 Freiheitsgrade) einer Flugzeug-

konfiguration mit Coand#-Flugsteuerungssystem.

Als Anwendungsfall dient die niedrig gestreckte Nurfliigelkonfiguration SAGITTA. Die Analyse der
Berechnungsergebnisse erfolgt sowohl fiir die jeweils isolierten Subsysteme als auch fiir das Flugzeug-
gesamtsystem. Fiir die untersuchte Konfiguration erwiesen sich die Coanda-Klappen zur Roll- und
Nicksteuerung im Vergleich zu konventionellen Klappen als konkurrenzfihig. Die Giersteuerung ist
mit dem neuartigen System jedoch nur eingeschrinkt méglich. Eine abschlieftende Effizienzanalyse
ergab, dass hohere Fluggeschwindigkeiten einen deutlichen Mehrverbrauch an Kraftstoff erfordern,

wahrend bei niedrigen Geschwindigkeiten ein Potential zur Einsparung identifiziert werden konnte.
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Abstract

Active flow control technologies receive increased interest for flapless flight control applications.
Their technical implementation inevitably consists of several interacting subsystems which have to
be simulated in early design stages. Focusing on circulation control aerofoils, this document contains
a set of modelling methods appropriate to meet the demands of preliminary design, as they are
robustness, sufficient accuracy, computational efficiency and compatibility with automation. The
application of these methods enables the substantive performance assessment of an overall aircraft
system featuring flight control effectors based on the Coanda effect. Embodied sensitivity studies

reveal the effect of design parameter changes on both effectiveness and efficiency.

The introductory literature review about experimental work on Coanda aerofoils describes the
associated flow phenomena which occur on the blunt trailing edge, and summarises the trends in
measured force and moment reactions. The subsequent discussion on related modelling approaches
found in literature leads to the conclusion that a segregated 2.5D strategy is most suitable to
meet the requirements of preliminary design. Hence, the results of automated two-dimensional
CFD simulations of the aerofoil section flow are processed by a vortex lattice cambering method
to obtain the finite wing aerodynamics. The overall system assessment additionally requires the
modelling of the remaining critical subsystems, i.e. engine and duct. The engine modelling is
achieved by the scripted execution of a commercial software package (GasTurb V12). The duct
system is represented by a quasi-1D finite volume approach that incorporates empirical relations to
account for pressure losses due to viscous effects. The 2D RANS modelling of the Coandi flap is
realised through an incompressible second order finite volume method featuring a modified version
of Menter’s SST model for turbulence closure. The extrapolation of this 2D data set on the finite
wing (of low aspect ratio) is performed by the specifically developed “Cambering Method” which
relies on the Vortex Lattice Method (VLM). The assembly of all these precalculated submodel data
tables in SIMULINK finally enables flight dynamics simulations (6DOF) of an aircraft configuration
equipped with Coanda flaps.

The unmanned low-aspect-ratio flying wing configuration SAGITTA serves as use case for the
application of the developed methods. The discussion of results is focused on the isolated submodels
as well as on the overall flapless flight control system. For the tested configuration pitch and roll
authority turned out to be comparable to conventional plain flaps while yaw authority is poor. In
terms of fuel consumption, trim calculations revealed that the Coanda flap system is less efficient

at higher velocities whereas potentials for fuel cost reduction could be identified at low velocities.

il
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1 Introduction

“These aeroplanes we have today are no more than a perfection of a child’s toy
made of paper. In my opinion, we should search for a completely different
flying machine, based on other flying principles. I tmagine a future aircraft,
which will take off vertically, fly as usual and land vertically. This flying

machine should have no moving parts.”

This statement given by Henri Marie Coanda (1886-1972) reflects his pioneer spirit and vi-
sionary thinking (TOOREN ET AL., 2009). At a symposium in 1967, he enthused about novel
possibilities which innovative technologies and their underlying physical effects can provide.
As Romanian inventor and eponym of the well-known fluid dynamic effect, he designed a
great number of flying devices as his ducted fan aircraft “Coandi-1910” (Figure 1.1a), or
his “flying saucer” named “Aerodina Lenticulara” (COANDA, 1961). The latter just relies
on this famous Coanda effect which describes the fact that jets or jet sheets are prone to
attach to sufficiently close walls and even tend to follow convex contours (Figure 1.2). In-
side the wall jet flow, the centrifugal force on a fluid element equals the force generated by
the pressure gradient normal to the curved wall. While firstly observed and documented in
the 18th century (YOUNG, 1800), this effect was exploited during the Cold War when an
advanced Canadian development named “VZ-9 AV Avrocar” (Figure 1.1b) generated lift and
thrust from one central turborotor. It blew the exhaust out directly above the rim of the
saucer-shaped aircraft to provide vertical take-off and landing (VTOL) capabilities. Beyond
this classified project, the Coanda effect has further been of interest for practical aeronauti-
cal applications as it enables the entrainment of the surrounding fluid through relatively low
mass flow rates, and this without any complex mechanical parts. The research on active flow
control (AFC) has become an increasingly important research field seeking to improve the
cost-benefit ratio of “aerodynamic morphing”. While in Germany and Great Britain the first
experiments on blown flaps were conducted already before Second World War (WILLIAMS,
1955), intensive investigations on circulation control (CC) aerofoils began only in the late
1960s (ENGLAR, 1971). This unusual aerofoil type usually features blunt rounded trailing
edges with tangential jet injection into the upstream boundary layer (Figure 1.3). As the

Coanda effect significantly delays the separation of the upper surface flow, these aerofoils are
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Figure 1.3: Illustration of a circulation control aerofoil / Coandd aerofoil (modified from STADLBER-
GER/HORNUNG, 2014, 2015a,b)



1.1 Motivation

also often called Coanda aerofoils. As central issue of this concept, the momentum of the
blowing jet controls the position of the rear stagnation point which causes a net increase in
circulation around the aerofoil. Consequently, the notable gain in lift can be used for high lift
system design in the field of short take-off and landing applications (STOL). While the asso-
ciated high pitching moment constitutes a rather unfavourable parasite reaction for high-lift
applications, it is particularly interesting for flight control purposes. Here, the round trailing
edge can act as a “Coanda flap” comprising only a low number of moving mechanical parts.
In this scope of “flapless” flight control, the motive of the present study is to contribute to the
research on active flow control technologies by investigating the Coanda flap as an integral
part of an aircraft system. For the applicability and performance assessment of this novel
concept, preliminary modelling is the key discipline whose demand will be addressed along
this document. Before, the following sections further introduce into the subject of this thesis

by explaining its motivation, objective and structure.

1.1 Motivation

As already mentioned, the motivation of this work derives from the idea to use active flow
control technology for flight control purposes. In the first instance, the concept of fixed
blown trailing edges is particularly interesting for military applications as it enables flapless
flight control with reduced observability. Conventional flaps inevitably imply surface discon-
tinuities and gaps which are prone to radar scattering through diffraction and reradiation
of traveling waves (RAYMER, 2012, p. 239f.). Of course, the necessary Coanda jet outflow
openings cannot be omitted either, and a round trailing edge actually raises the specular
return compared to a sharp trailing edge. However, the slots and Coanda surfaces can be
aligned such that the increment of radar cross section (RCS) is limited to directions which

coincide with the azimuth angle of the naturally existing trailing edge spike.

A further motivation is related to the potential savings in the number of moving parts
within an aircraft system. A decrease in complexity and weight is advantageous in all
aeronautical fields of application. Even if structural design and weight estimation are not
part of this study, the cutback of complex and heavy kinematics promises potential weight
reductions. Omitted actuators and hydraulic lines may outweigh the newly required air ducts
and pneumatic structures which can be realised through lightweight and composite materials
(e.g. carbon reinforced plastics) though. In addition, significant savings in maintenance cost

are expected.

However, since the Coanda flap itself is only one single part of the fluidic flight control
system, the concept raises questions about its effectiveness and efficiency when it is integrated

into an existing aircraft concept. While experimental investigations of the isolated system
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promise a high potential in control moment generation (chapter 2), feasibility studies for
tangible use cases require a broader perspective, i.e. the extension of considered system
boundaries. Interacting strongly with other subsystems (e.g. propulsion system, ducts,
etc.) and environmental conditions (e.g. ambient pressure, flight velocity), the Coanda
flap concept necessitates an integral model of the overall system to evaluate the concept’s
applicability for a given aircraft configuration. Especially during the preliminary design
stages, computationally cheap and robust, though sufficiently accurate, modelling methods
of the overall system contribute to quick substantial conclusions about performance, penalties
and their sensitivity to free design parameters. However, present tools and methods in their
basic form often do not provide sufficiently precise and robust results for the rapid creation
of reliable Coanda flap system models (subsection 2.4.4). Moreover, no explicit approach
has been found in present literature proposing an adequate strategy to combine the different
subsystem models to an overall system model. Hence, this work is motivated by the need to
find enhanced solutions in the field of integral Coanda flap modelling which are supposed to

raise the technology readiness level (TRL) of the studied Coanda flap concept.

1.2 Objectives

The first objective of this study is to respond to the lack of available preliminary design
methods which are capable to model Coanda flap systems including the interaction of their
critical subsystems. Therefore, the following chapters aim to present and validate an adapted

set of methods appropriate to meet the demands that arise from preliminary aircraft design:

e robustness
e sufficient accuracy
e computational efficiency

e compatibility with automation

As second objective, this work is supposed to deliver insight into the sensitivities of system
behaviour through variation of the main design parameters of a Coanda flap system. Here,
the deduction of general design rules is to be pursued inasmuch as the specific investigated use
case allows the transfer of specific results on universal applications. This test case defines the
environment and aircraft platform which the Coanda flap system is to be integrated into.
An all-embracing performance analysis of the overall aircraft system shall provide clarity

about the feasibility of the Coanda flap concept and its fuel flow demand.



1.3 Structure of Work
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Figure 1.4: Structure of work
1.3 Structure of Work

As illustrated in Figure 1.4, this introductory chapter is followed by a literature review
both on experimental facts and modelling methods related to Coanda flaps. Since the re-
sponse and modelling of the other connected subsystems (engine, ducts) are already largely
understood and straightforward, chapter 2 confines to summarising the state-of-the-art of
circulation control aerofoils and the different modelling approaches as yet applied in litera-
ture. To asses these aerodynamic modelling methods in a later step, the first subsections
embrace Coanda flap specific low phenomena as well as their response in the form of aero-
dynamic forces and moments measured in the wind tunnel. A compressed synopsis about
finite wing applications and flying demonstrators featuring fluidic circulation control sys-
tems closes the review of experimental experience. The second part of chapter 2 describes
the various types of modelling attempts found in literature. They range from methods based
on potential theory, over Reynolds averaged Navier-Stokes (RANS) representations up to far
more computationally expensive methods as large eddy simulation (LES) and direct nume-
rical simulation (DNS). The concluding subsection 2.4.4 finally draws the implications for

the implemented modelling approach exposed in chapter 3.

In the context of flapless flight control, chapter 3 defines the critical subsystems and system
boundaries of the engine, ducts and Coanda flap. The subsequent descriptions of the refined

modelling methods focus on supplements and modifications that deviate from the respec-
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tive sophisticated baseline methods. The underlying theoretical fundamentals are set out
inasmuch as they had to be addressed during the respective implementation. The fully auto-
mated calculation routines ultimately enable the calculation of vast parameter variations.
So, the assembly of precalculated data tables leads to the overall Coanda flap model which
forms the base for flight mechanical (6DOF) performance assessments. The final section 3.6
further contains a summary of the most relevant assumptions and simplifications made for

the overall system modelling.

Chapter 4 illustrates the use case for the previously presented methods and portrays the
context of the SAGITTA research program. It includes the design mission as well as the
concept of an unmanned flying wing configuration featuring a low aspect ratio. The most
substantial requirements to be fulfilled by the flapless alternative can be derived from a
conventional flap scheme which builds the reference for the subsequent performance analysis

of the Coanda flap system.

In the context of SAGITTA, chapter 5 presents and discusses the results for the isolated
submodels as well as for the overall flight dynamic model. Hence, while the first sections
give insight into the subsystem sensitivities to design parameters, the second part of this
chapter addresses the control authority of the installed Coanda flap in comparison to the
conventional flap reference. The final study on fuel consumption and efficiency quantifies

the penalties for low observable flapless flight.



2 Fundamentals of Coanda Flap
Aerodynamics

The following literature review first portrays the experimental findings about the so called
wall jet. This crucial flow phenomenon on the Coanda surface of a circulation control aerofoil
is responsible for lift and pitching moment increments generated through trailing edge blow-
ing. Subsequently, a synopsis of significant factors affecting Coanda aerofoil effectiveness is
derived from published wind tunnel experiments. Further presentations of finite wing ex-
periments and flying demonstrators complete the state-of-the-art before different approaches
to model circulation control aerofoils are analysed. The final section of this chapter draws

important conclusions for the modelling strategy pursued in chapter 3.

2.1 Wall Jet

As recurrent mechanism on all blown Coanda aerofoils, the internal, pressurised air leaves
the upper slot with height h, having a mean velocity Uj.; (Figure 2.1). For subsonic outflow
velocities, the jet bounds to the wall (Coanda effect) and mixes with the turbulent boundary
layer flow arriving from the upper side of the aerofoil. This process has its onset right at
the lower slot lip edge where eddies of large length scales and high levels of vorticity amplify
turbulent mixing. Since large eddies are most effective in entraining external fluid, this results
in a rapid broadening of the wall jet while its shape remains similar though (WETZEL ET AL.,
2009). In wide zones downstream the slot, the boundary layer then features the typical wall
jet velocity profile. As illustrated in Figure 2.2, the velocity distribution constitutes a two-
layer shear flow which can be divided into an inner region (0 < y < ¥,,) and an outer
layer (y,, < y < ¢). The inner region is characterised by a similar structure compared to
a conventional turbulent boundary layer which usually exhibits a viscous sublayer, a buffer
layer and a layer obeying the log law. The outer shear-layer shows the characteristics of
free shear flow rather than one bounded by a wall. In addition, the upper surface boundary
layer and the slot lip usually cause a velocity deficit (slot lip wake) that can be seen in
the velocity profiles close to the slot. Even though the associated strong turbulent diffusion

potentially increases the momentum transport between inner and outer region, the growth
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Figure 2.1: Tllustration of outflow process and wall Figure 2.2: Typical velocity and turbulent shear
jet (modified from STADLBERGER/HORNUNG, stress profile of a wall jet
2012, 2014)

rate of a wall jet is significantly lower than the broadening of a jet in free shear flow. This

is due to the damping of turbulent velocity fluctuations in the direction normal to the wall

(LAUNDER/RODI, 1983).

In the end, however, the wall jet separates at an angle O, before it aligns with the free
stream. Further turbulent and viscous mixing processes alleviate the over velocities until
complete assimilation in the far-field. Obviously, the point of separation depends on the
integral jet momentum U, ejected at the slot. However, during tests on a cylinder in
still air the jet detachment angle O, exhibited an asymptotic behaviour even for excessive
blowing reaching maximum angles of O, ~ 210deg (FEKETE, 1963). This suggests that
viscous processes acting close to the Coanda surface are at least as important for jet separa-
tion as the bare blowing intensity. The separation angle Oy, is of particular interest because
it potentially defines the location of the rear stagnation point of the aerofoil flow. According
to the Kutta-Joukowski theorem the generated lift and pitching moment increment of the
Coanda aerofoil is supposed to respond quite sensibly to the position of jet detachment.

Hence, the turbulent processes inside the wall jet are crucial for flow control effectiveness.

Considering a wall jet on a plane surface without pressure gradient, the shear stresses and
associated eddy viscosities determine the development of the jet along the flat wall. In
general, positive sense vorticity in the outer region acts to destabilise the flow, whereas

negative sense vorticity, such as in the inner region, is highly stabilising (NOVAK ET AL.,



2.2 Trailing Edge Blowing and Circulation Control

1987). Hence, if the momentum transport is able to expand from the velocity maximum into
the viscous sublayer, the wall jet becomes stabilised and delays separation over a relatively
long distance along the plane surface. External free stream additionally contributes to this
stabilisation. Under conditions of external free stream instead of still air, the relative strength
of the outer region and its unfavourable impact on the inner decreases due to the reduced

velocity excess (LAUNDER/RODI, 1983).

In the present circulation control application, however, the turbulent wall jet experiences a
convex stream line curvature around the Coandi surface (i.e. round trailing edge) as well
as an adverse pressure gradient. Both intensify Reynolds stresses and turbulent mixing in
the outer part of the flow (BRADSHAW /GEE, 1962; KOBAYASHI/FUJISAWA, 1983; NEUEN-
DORF/WYGNANSKI, 1999). The increased turbulent transport between outer and inner
region enhances the diffusion of the velocity excess into free stream. Hence, reduced wall jet
stability has to be expected for Coanda aerofoils, aggravating with decreasing Coanda surface
radius . In general, the process of a possibly premature separation due to Coanda surface
curvature is complex. The centrifugal instability due to the convex contour generates eddies
of large length scales and enhances the turbulence level well beyond the norm in comparable
plane wall jets (NEUENDORF/WYGNANSKI, 1999). This comes along with wall jet broaden-
ing and deceleration affecting the angle of jet detachment (©.,) substantially. Furthermore,
turbulence intensifies unfavourably arising from increased counter-pressure caused by ex-
ternal free stream arriving from the lower side of the aerofoil. While this is disadvantageous
for maximum lift generation with a single-slotted aerofoil design, the premature separation
could be desired for double-slotted aerofoil concepts. An opposing wall jet ejected from a
lower slot enables the precise control of the separation point, thus lift and pitching moment
generation. Outside the region of interaction, the flow characteristics of the curved wall
jet revealed essentially the same as those of the conventional wall jets (REW/PARK, 1988).
However, the thickness growth rate of both jets raise significantly when they approach the

clash point.

It is particularly interesting for modelling and design purposes that the wall jet growth rate
and jet separation angle exhibit only weak dependence on the jet Reynolds number (FEKETE,
1963; LAUNDER/RODI, 1983). In contrast, separation angle reductions of AO,,, ~ —40deg
due to increased cylinder surface roughness could be observed (FEKETE, 1963). This suggests

that surface quality of the round trailing edge is an issue for circulation control effectiveness.

2.2 Trailing Edge Blowing and Circulation Control

As stated in the previous section, the wall jet separation point on the bluff trailing edge is

important for lift generation effectiveness. In fact, the relatively simple model of lift mani-



Chapter 2 Fundamentals of Coanda Flap Aerodynamics

6 . 4.5
1
a = 3deg Potential Flow 4L
-5 ®  Experiment
3.5+
) .
deviaton due _—V ° 3r

to jet velocity

C;:_ stall

super-circulation

I
L I
I
I | 058 !
4—' separation control
] V' . . . . IQ ob—1 . . .

0 | o = Odeg
r/c = 0.0186 -
h/r=0.128
0 0.2 0.4 0.6 0.8 1 0 01 02 03 04 05 06 07

zfe[-] Cul=

Figure 2.3: Experimental and potential pressure dis- Figure 2.4: Lift increase due to blowing (created
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pulation through displacement of the rear stagnation point provides quite accurate results
as a first approximation. As can be seen in (Figure 2.3), separation control through tangen-
tial blowing enables viscous flow section properties very close to those predicted inviscidly
by potential flow (WILLIAMS/HOWE, 1970; ENGLAR, 1971). However, some discrepancy
can be found at the trailing edge downstream the slot. The jet velocity excess produces an
additional suction peak which cannot be modelled by potential theory alone. In addition,
the separation bubble at the lower surface trailing edge impedes the ideal inviscid pressure
recovery. Nonetheless, sectional lift coefficients approaching the theoretical inviscid maxi-
mum of 27 (1 + %) have been demonstrated (WooD/NIELSEN, 1986). Further raise of the
blowing rate causes the imaginary aft stagnation point to move towards the lower side of
the Coanda aerofoil, thus enhancing the circulation through redefinition of the governing
Kutta-condition. The separation control process thereby evolves into the so-called super-
circulation regime (ENGLAR, 1971), where significant lift is generated even at zero angle of
attack. As reproduced in Figure 2.4 and widely used in this work, it is common in literature
to describe the attained aerodynamic force and moment reactions dependent on the norm-
alised momentum flux of the outflow, i.e. the equivalent normalised thrust force. The flow

momentum coefficient C), therefore yields

mjetUjet

— MyetTjet (2.1)
%pooUgoSTef

I
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2.2 Trailing Edge Blowing and Circulation Control

where m ¢ is the jet mass flow, U, the jet outflow velocity, %poono the free stream dynamic
pressure and S,.r the lifting surface reference area. Usually, the dependency of produced lift
Ac; on the momentum coefficient C), is approximately linear (A¢; ~ C),) in the separation
control region and clearly disproportionate (Ac¢; ~ (C’M)% , n ~ 2) in the super-circulation

regime.

During circulation control, both the forward and aft stagnation point are shifted such that
the aerofoil experiences an increase in effective camber, in suction peak intensity and in
associated lift. Indeed, due to super-circulation notably high lift coefficients of 8 and beyond
could be measured during wind tunnel experiments (ENGLAR ET AL., 2009). However,
too excessive blowing often ends up in the so-called “C,-stall” which manifests itself in lift
stagnation or even in a sudden lift drop (Figure 2.4). The causes can be manifold (e.g.
leading edge separation (bubble), supersonic jet detachment, etc.) and are addressed later

in subsection 2.2.5.

Numerous wind tunnel experiments on circulation control aerofoils have been performed
during the past decades. A compendium is given in the appendix (section A) and con-
tains selected published wind tunnel data including summarised geometrical specifications.
In the 1960s, the beginning of extensive wind tunnel tests on elliptical circulation control
aerofoils aimed to investigate the applicability of active flow control for helicopter rotors
(WiLLiAMS /HOWE, 1970). Cyclic blowing at the blades’ trailing edges should substitute
the function of the swash plate and omit the associated complex kinematics. In addition, a
vertically symmetric elliptic blade section was considered advantageous in the reverse flow
regime at high advance ratios. Here, slots at both leading and trailing edge should prevent
flow separation which leads to a significant base drag reduction compared to the unblown
aerofoil. In terms of drag, the delay of flow detachment on the Coanda surface usually out-
strips the bare jet thrust effect. Apart from rotary wing applications, Coanda aerofoils also
gained increased interest in the research fields of high-lift systems and STOL aircraft design.
For flight control purposes, the sensitivity of aerodynamic control reactions to geometrical
and operational parameters is in the same way important as for high-lift applications. To
this, the wind tunnel results of published experiments on circulation control aerofoils allow
some general statements about lift generation effectiveness. Its qualitative dependencies
on various parameters, in addition to blowing rate, are briefly discussed in the following

paragraphs and are additionally summarised in Table 2.1.

2.2.1 Influence of Trailing Edge Geometry

The Coanda effect is limited by several parameters. One of them is the curvature of the
Coanda surface the jet is supposed to bend around. Under subsonic flow conditions, con-

BACZ : s
ac, and higher maximum

stant (circular) trailing edge radii reach higher lift augmentations
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Coands
surface
geometry

aerofoil
nose
geometry

angle of
attack

slot height

free stream
compressi-
bility

jet com-
pressibility

pulsed
blowing

Table 2.1: Summary of qualitative circulation control sensitivities

lift ¢
Circular trailing edges obtain higher WWMN and
higher (Ac¢;),,,q, i0 Subsonic free stream.

Slender elliptical and biconvex trailing edges
are more efficient in transonic free stream.
-

The larger the trailing edge radius (%), the

c
higher WDQQ and (Acp)
;A
Strong curvatures increase the risk of super-
sonic jet detachment, i.e. Cy-stall.

max”

Sharp nose geometries risk leading edge se-
paration (bubbles) at moderate/high blowing

rates and reduce quaE and (Ac)
"

max”

The influence of moderate and negative angles
of attack is small. )
Higher angles of attack reduce WW‘Q

'

The smaller the slot height, the higher Gz<-.

Larger slot heights increase risk of supersonic
jet detachment, i.e. Cy-stall.

Increasing the free stream Mach number Maso
. OAcy
tends to increase .

;A
Due to the risk of supersonic jet detachment,
the maximum lift generation (Ac;),,,, dimin-

ishes with increasing free stream Mach number
Maso.

Even though certain slot geometries and weak
Coandd surface curvatures can alleviate the
problem, supersonic jets tend to suddenly de-
tach at certain Mach numbers Majes 2 1.2 of
the fully expanded jet. Sudden lift loss is the
consequence.

An increase in lift augmentation is possible by
choosing an appropriate frequency.

drag cq

Slender trailing edges (elliptic, biconvex) ex-
hibit reduced drag.

Strong curvatures increase the risk of super-
sonic jet detachment, i.e. sudden drag rise.

Sharp nose radii provoke leading edge separa-
tion (bubbles) at moderate/high blowing and
increase drag.

The influence of moderate and negative angles
of attack is small.

Earlier separation (bubbles) at increasing
angles of attack increase drag.

At low blowing momentum, only small influ-
ence is visible.

At higher blowing condition, the influence
tends to grow but no clear trend visible (de-
pendence on turbulent mixing processes).
Larger slot heights increase risk of supersonic
jet detachment where drag rises significantly.

The drag rise due to Mach number Ma is
also present on circulation control aerofoils.

Supersonic jet detachment entails a sudden
drag rise.

Drag reduction throug pulsed blowing is pos-
sible.

pitching moment ¢,

O|Acm |
ac,
and higher (|Acml),,q, in subsonic free

stream.

Slender elliptical and biconvex trailing edges
are more efficient in transonic free stream.
Strong curvatures increase the risk for super-
sonic jet detachment, i.e. sudden drop of
_Dﬁv:_.

Circular trailing edges obtain higher

Sharp nose geometries risk leading edge se-
paration (bubbles) and influence pitching mo-
ment significantly.

The influence of moderate and negative angles
of attack is small.

Earlier separation (bubbles) at increasing
angles of attack influence pitching moment.

The smaller the slot height, the higher m@DOmﬂ: .

Larger slot heights increase risk of supersonic
jet detachment, i.e. sudden drop of |Acym,|.

Increasing the free stream Mach number Maoo

i 9Acm
tends to increase a0,

Due to the risk of supersonic jet detach-
ment, the maximum pitching moment gene-
ration ADQSVEQH diminishes with increasing
free stream Mach number Maco.

Supersonic jet detachment leads to a sudden
loss in |Acm|.

An increase in pitching moment augmentation
is possible.
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Figure 2.5: Maximum attained lift coefficient over Figure 2.6: Lift coefficient over blowing coefficient of

free stream Mach number of an elliptical (t/c = a circulation control aerofoil (CCW 244) for diffe-
15%) circulation control aerofoil for different trai- rent slot heights (created with data from ENGLAR,
ling edge shapes (created with data from ENG- 1975)

LAR, 1970)

lift increments (Ac;) In contrast, elliptic or biconvex trailing edges are superior in tran-

sonic free stream as they alleviate unfavourable compressible effects (ENGLAR, 1970, 1971;
ABRAMSON, 1977; JONES, 2005; SCHLECHT/ ANDERS, 2007). More details on these effects
will be given in subsection 2.2.5 and subsection 2.2.6. Figure 2.5 depicts the maximum at-

tained lift coefficient (¢;) for a circular and elliptic trailing edge as a function of free

max
stream Mach number Ma.,. For reference reasons, the maximum effectiveness of a simple
jet flap is plotted additionally but is not able to compete throughout the entire velocity
range. The reasons for the subsonic superiority of larger trailing edge radii can be found
in the stronger trailing edge suction peaks which are consistently favourable for high lift
92a (ABRAMSON, 1977; ENG-
N
LAR, 1981). This sensitivity is generally more pronounced in the super-circulation regime

augmentation and high maximum lift increments (Ac¢;)

and goes in line with optimisation attempts of an initially circular trailing edge contour
(TA1/IDWELL, 1985). Under the design conditions of a cambered ellipse aerofoil, a deeply
drooped blunt trailing edge (4 < 0) yielded an increase of 25% in maximum lift compared
to an elliptic or spiralled (j—é > 0) Coanda surface shape.

Similar to the lift increment characteristics, also pitching moment authority % and ma-
n

ximum attainable control moment (|Ac,,|),  can be increased by the choice of larger radii

max

(ENGLAR, 1971; JONES, 2005). As before, circular shapes dominate in subsonic free stream
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Chapter 2 Fundamentals of Coanda Flap Aerodynamics

where the trailing edge suction peaks contribute even more to high pitch-down moments.
Analogous to lift generation, elliptical and biconvex trailing edge shapes revealed more effi-
cient in transonic free stream though (ALEXANDER ET AL., 2005).

By contrast, section drag exhibits an inverse behaviour. Whereas leading edge suction is
favourable in terms of drag, the trailing edge suction peaks are usually responsible for a
significant drag rise. The larger the base area, i.e. Coanda radius, and the larger the jet
turning angle, the higher drag values have to be expected as a consequence of the pressure
distribution. However, the jet propulsive effect contributes to drag reduction and can even
produce net thrust for high blowing conditions. Consequently, slender trailing edges (elliptic,
biconvex) provide the potential of significant negative drag increments Acy; < 0 due to
blowing (ENGLAR, 1971; ALEXANDER ET AL., 2005; JONES, 2005). The lower jet bending
angles and reduced associated mixing losses alleviate the unfavourable rise in pressure and
friction drag. Dual-slot-blowing on upper and lower surface extends this potential since the
clashing jets form a region of high (stagnation) pressure in the zone of interaction. In the
unblown case, smaller trailing edge radii obviously generate less drag but still suffer a clear
penalty compared to conventional aerofoils with sharp trailing edges. However, the net drag
of the blown aerofoil can be minimised to that of the baseline aerofoil through blowing at low
C,-values (ENGLAR, 1981). For flight control purposes, this is of particular interest since the
fluidic system has to be designed for permanent operation to retain reactivity. In particular
during long loiter and cruise phases, drag penalties severely impinge on fuel consumption and
long-range performance. In transonic flight regimes, aerofoils with circular Coanda surfaces
additionally experience a significant wave drag rise which, however, can be mitigated by use
of elliptic trailing edge shapes (ENGLAR, 1970).

2.2.2 Influence of Coanda Surface Roughness

As already mentioned in the context of wall jets, FEKETE (1963) measured premature jet
separation with increasing roughness on a cylinder surface in still air. However, no system-
atic tests have been performed on circulation controlled aerofoils. In the water tunnel test
case from ROGERS/DONNELLY (2004), no loss in circulation control performance was visible
when the Coanda surface was littered and scratched by file gouges. This suggests that surface
irregularities have to exceed a certain height to observe a significant effect. For instance, a
thick tape located at ©® = 90deg along the trailing edge cylinder seriously degraded the jet ef-
fectiveness and caused more than 40% reduction in lift at high blowing coefficients (ENGLAR,
1979). This is particularly interesting for double-slotted aerofoil designs where the lower slot
constitutes a significant disturbance when maximum force generation requires blowing solely
through the upper slot. However, the wind tunnel experiments from ABRAMSON (2004)

showed that the opposing slot edge had no impact on the aerodynamic performance.
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2.2 Trailing Edge Blowing and Circulation Control

2.2.3 Influence of Slot Height

The outcome of most wind tunnel experiments was that smaller slot heights h are able to
produce the same lift or pitching moment at lower jet momentum coefficients than larger
slot heights (ENGLAR, 1971, 1972, 1975; JONES, 2005; ALEXANDER ET AL., 2005; ENGLAR
ET AL., 2009). This indicates that the velocity ratio [[]j—o: of jet and free stream is more
important than the amount of mass flow itself. An increased velocity difference at the slot
tends to improve the mixing rate between the two streams, leading to higher lift augmenta-
tions %ﬁl (WO0OD/NIELSEN, 1986). As can be seen in Figure 2.6, the influence of slot height
h is rather marginal for low momentum coefficients C), (separation control) whereas it gains
in importance in the super-circulation regime. At first sight, a system designer would aim
for smaller slot heights in order to reduce the pneumatic power requirements. However,
experiments on a supercritical aerofoil revealed that larger slot heights gain effectiveness on
very small Coanda radii and outperform small slot heights before supersonic jet detachment
occurs (ENGLAR, 1981). The resulting high mass fluxes at low pressure ratios make this

configuration potentially compatible with turbofan bypass fan air.

Apart from the mass flow dependent thrust effect, the slot height has minor impact on drag
at low blowing conditions. At higher C), values, i.e. in the super-circulation region, no clear
trend is visible since the integral drag coefficient measured with the wind tunnel balance does

not separate thrust forces from possible viscous effects affecting the pressure distribution.

2.2.4 Influence of Angle of Attack

As given by potential theory, produced lift and pitching moment maintain their linear be-
haviour with angle of attack 22 also under blowing conditions (C, > 0) (Figure 2.7). This
holds if no significant viscous effects like leading edge separations are eminent. However,
depending on the aerofoil nose shape, increased active circulation control can lead to prema-
ture angle-of-attack-stall (ENGLAR, 1971). High blowing rates diminish the stall incidence

a(c,,.) down to lower angles of attack which is addressed further in the next subsection.

2.2.5 Stall Phenomena

With enhanced blowing up to very high jet momentum coefficients, the lift increment begins
to stagnate or even decreases (e.g. Figure 2.4). This so-called “C),-stall” can have various

causes:
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Figure 2.7: Lift coefficient over blowing coefficient Figure 2.8: Lift coefficient over outflow velocity ra-

of an elliptical (t/c = 15%) circulation control tio of an elliptical (t/c = 15%) circulation control
aerofoil for different angles of attack (created with aerofoil for different free stream Mach numbers
data from ENGLAR, 1971) (created with data from ENGLAR, 1970)

Jet Impingement in the Wind Tunnel In wind tunnels, the test conditions can have sig-
nificant impact on the measurements due to tunnel effects. While small clearance distances
between the model and the floor/ceiling usually increase the Coanda aerofoil effectiveness,
some surprising drops in lift could be attributed to unsuitably small test sections (ENG-
LAR, 1975; ABRAMSON, 1977). Depending on the ground clearance in the test facility, jet
impingement on the floor can occur at high momentum coefficients. Then, a bound vortex
under the lower surface causes a decrease of static pressure on the lower side, thus reducing
lift (WiLLiams/HowE, 1970).

Leading Edge Separation Independently from the testing environment, well-known stall
phenomena like leading edge separation can be responsible for stagnating or decreasing lift
increments (Figure 2.9a). Whereas the risk of trailing edge separation is eliminated through
counteracting blowing on the Coanda surface, the viscous processes near the leading edge
gain in importance. Depending on the leading edge shape, angle of attack and turbulence
characteristics (e.g. forced transition), separation bubbles can supersede the leading edge
suction peak and grow until the recirculating region covers large portions of the upper surface
(WILLIAMS /HOWE, 1970; ENGLAR, 1971; ABRAMSON, 1977; ENGLAR ET AL., 2009). The
zone of low pressure at the trailing edge is sometimes able to recapture this widely separated

flow. However, this effect is individual subject to aerofoil shape and rear suction peak
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leading edge jet boundary
separation bubble compression wave
lip shock \ P
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expansion wave
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«— entiretrailing edge Coanda surface
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Figure 2.9: Illustration of possible C)-stall phenomena: (a) leading edge separation, (b) jet wrap-around
and (c) supersonic jet detachment (modified from CORNELIUS/LucIUS (1994) and CARPENTER/SMITH
(1997a))

strength. Experiments with constant blowing showed that, indeed, the trailing edge suction
peak can alleviate the angle-of-attack-stall which then occurs at higher lift coefficients ¢
but lower angles of attack « (c;,,,) (WILLIAMS/HOWE, 1970; ENGLAR, 1971).

max

Jet Wrap-Around Some wind tunnel tests gave indications that jets with relatively high
outflow momentum can unfavourably influence the pressure distribution at the rear portion
of the lower surface (ENGLAR, 1972; ABRAMSON, 1977; ROGERS/DONNELLY, 2004). The
reason is attributed to the so-called “jet wrap-around” where wall jet separation is delayed
such that the rear stagnation point is relocated onto the lower aerofoil surface (Figure 2.9b).
The resulting “trailing edge pressure drawdown” appears to be limited to specific aerofoil
shapes and test conditions as it was not visible in all references. Interestingly, this stall
phenomenon due to excessive Coanda jet turning can be avoided by opposed blowing from
a second slot on the lower side (ROGERS/DONNELLY, 2004; MIKLOSOVIC ET AL., 2012),
which promotes double-slotted CC aerofoil designs.

Supersonic Coanda Jet Detachment When the blowing intensity clearly exceeds chocked
conditions (Majet siot = 1), the underexpanded, supersonic jet is likely to detach due to ex-
pansion waves and recompression effects (ENGLAR, 1970, 1971, 1975; WILKERSON/ MONTANA,
1982; ALEXANDER ET AL., 2005). With growing Mach number Maj., of the expanding jet,
initial separation bubbles on the Coanda surface cause only a slight decline in circulation.
The supersonic jet is able to reattach to the Coanda surface and still entrains the free stream

flow (ENGLAR, 1971, 1972; CORNELIUS/LucItus, 1994). However, the excess of a specific
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Chapter 2 Fundamentals of Coanda Flap Aerodynamics

local expansion wave strength inside the underexpanded supersonic jet triggers jet detach-
ment already in the proximity of the slot (Figure 2.9¢). This results in a sudden loss of lift
and pitching moment, while section drag rises significantly. As can be seen in Figure 2.8, the
corresponding critical Mach number of the fully expanded jet Maj.; can take relatively low
values (Maj.; ~ 1.2) and, in addition, tends to reduce further with increasing free stream
Mach number Ma., (ENGLAR, 1970; ABRAMSON, 2004). Since the absolute values of the
trailing edge suction peak pressure pgiqsic sior shrink with free stream velocity Mao, the local

Pt plenum

pressure ratio increases to the same extent. This causes the supersonic jet to accel-

erate addition;lsf;m;;llg inevitably leads to stronger compressible effects (ENGLAR, 1975). As
already mentioned before, elliptic trailing edges revealed superior in transonic flight regimes
and are also less prone to jet detachment effects due to reduced curvature (ENGLAR, 1970).
In particular, the combination of slot height h and Coanda radius r seems to be crucial.
Experimental data show that increasing slot-height-to-radius ratios % aggravate the risk of
supersonic jet detachment (ENGLAR, 1975). The other way round, the critical pressure ratio
of separation grows almost linearly with 7 where significant hysteresis effects could be ob-
served (MATSUO ET AL., 1998). In summary, small slot heights h and large Coandi surface
radii r are less prone to jet detachment. The reasons are due to viscous effects inside the su-
personic wall jet. For smaller slot heights, the turbulent mixing processes at the boundaries
of the supercritical wall jets are able to prematurely alleviate the velocity excess. The turbu-
lent eddies intrude deeply enough into the cores of thinner jets to extenuate recompression

shock waves which usually strengthen with tightened trailing edge curvature (r |).

Certain constructive measurements applied on the slot geometry can further decrease the risk
of supersonic jet detachment. CORNELIUS/LucIus (1994) found that a converging-diverging
slot channel delayed jet separation and raised the limiting pressure ratio. Moreover, the in-
troduction of a backstep between the slot and the Coanda surface appears to favourably
extend the range of operation (CARPENTER/SMITH, 1997b). Unstepped slot outlets usually
feature a lip shock emanating from the lower edge of the slot lip (Figure 2.9¢). This incident
shock generates a separation bubble which grows in size as the pressure ratio rises and ulti-
mately causes breakaway to occur. A backstepped slot exit design eliminates this intensive

recompression process and delays C)-stall up to higher jet velocities Mae;.

2.2.6 Influence of Free Stream Mach Number

The influence of free stream Mach number becomes relevant beginning at approximately
M, = 0.4. Due to the previously presented supersonic jet detachment effects, the maximum
attainable lift coefficient ¢; decreases significantly when the circulation control aerofoil enters
the transonic regime (Figure 2.8). The same applies for pitching moment authority. However,

BACZ

S increases with Mach number under conditions of
I3

lift augmentation due to blowing
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2.2 Trailing Edge Blowing and Circulation Control

attached jet (ENGLAR, 1970; WoOD/CONLON, 1983; ALEXANDER ET AL., 2005).

Also section drag experiences a pronounced variation with external Mach number. Especially,
round trailing edges exhibit a significant drag rise at higher transonic Mach numbers which
even aggravates with increasing blowing rates (ENGLAR, 1970). However, blowing over
elliptical trailing edges can favourably reduce drag through rearward relocation of the upper
surface shock (up to AZ = 20%) (ENGLAR, 1970; ABRAMSON, 2004). But once reached
supersonic jet detachment, further growing plenum pressure ratios reverse this trend and
push the shock location towards the nose (ALEXANDER ET AL., 2005).

2.2.7 Pulsed Blowing

Although early success in enhancing lift augmentation through pulsed blowing could not
be reproduced consistently (ENGLAR, 1975), JONES/ENGLAR (2003) could confirm the per-
formance benefit of unsteady jets. By use of modern high-speed solenoid valves, frequencies
up to 200Hz were tested attaining jet peak velocities up to sonic conditions. An impor-
tant result of the experiments was that performance was highly frequency dependent. For
instance, a 50% reduction in mass flow could be realized using a frequency of 10Hz in the se-
paration control regime. Further wind tunnel tests from WONG ET AL. (2006) indicate that
pulsed blowing could lead to significant drag reductions while gains in lift and pitching mo-
ment are remained. However, trailing edge geometry revealed crucial in this context where
the benefit of an elliptic trailing edge was clearly less (30%) than that of a circular shape
(50%) (JONES, 2005). Interestingly, no potential for mass flow reduction was measurable

with the biconvex trailing edge.

For permanently active Coanda flap systems, this method of unsteady blowing is of special
interest. However, the mechanical implementation poses high challenges as high-speed valves
usually entail significant losses of total pressure due to throttle effects. Similarly, solutions
based on oscillating membranes have to be considered with caution, too, as they might not

provide sufficient reliability and endurance.

2.2.8 Uncertainties of Wind Tunnel Experiments

In comparative studies, numerical results often underestimate the experimentally measured
suction peak on the circular trailing edge. One cause is setting the momentum flux too
low for the inflow boundary condition of the jet exit. The reason can be traced back to
fact that the experimental jet outflow velocity is often determined analytically by use of the
isentropic flow equations (see section C in the appendix). The ratio of plenum total pressure

and static pressure at the slot exit define the outlow Mach number Ma;.. For simplicity
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Chapter 2 Fundamentals of Coanda Flap Aerodynamics

reasons, test engineers often used the ambient pressure p., instead of the real static pressure
at the slot. However, under free stream conditions the static pressure at the trailing edge is
significantly lower (suction peak) than the ambient static pressure and causes the Coanda
jet to accelerate additionally. So, the estimated momentum flux coefficient might deviate

from the higher real C,-values, especially under extensive blowing conditions.

Furthermore, the interaction of the jet sheet with tunnel side walls can have an important 3D
effect. The high pressure gradient causes vortices downstream the wing which then induce a
net downwash on the aerofoil (ENGLAR, 1971; OWEN/OWEN, 2006). This effect intensifies
with increasing blowing rate and could also be reproduced numerically (SWANSON ET AL.,
2005; NISHINO/SHARIFF, 2010). The separation and roll-up of the boundary layers in the
wing-sidewall juncture regions are a consequence of the strong adverse pressure gradients on
the upper surface of the wing. Extreme circulation around the wing cause vortex shedding
at the sidewall similar to a finite wing. These vortical structures induce a downwash along
the span of the wing and significantly reduce the effective angle of attack (ENGLAR, 1971;
SWANSON ET AL., 2005; OWEN/OWEN, 2006; ENGLAR ET AL., 2009; NISHINO/SHARIFF,
2010). This influence has to be kept in mind for the validation of sophisticated and new

modelling approaches.

Finally, the determination of the section mass flow rate might be distorted by differing slot
heights at the jet exit. These deviations from the nominal slot height vary along span
and are due to non-uniform bending loads on the rear skin fractions (JONES ET AL., 2006;
ENGLAR ET AL., 2009). As a consequence the estimated C),-values are lower than the real
flow momentum coefficient. This is particularly important for the spanwise location where

the pressure sensors are installed for lift force integration.

2.2.9 Circulation Control on Finite Wings

This subsection provides a literature review on circulation control experiments and possible
deviations in performance when Coanda aerofoils are installed on finite wings. Early wind
tunnel experiments on finite wings (with body and tail) were conducted on a scaled (1:8.5)
model of the “Grumann A-6 Intruder” in the 1970s (ENGLAR, 1979). Its wing and horizontal
stabiliser were equipped with circulation control trailing edges being optimised during the
tests. As anticipated before, the model achieved a maximum trimmed lift coefficient double
that of the standard aircraft. In addition, operational aspects just as longitudinal and
lateral characteristics of the circulation control configuration were addressed in this wind

tunnel campaign.

More recent experiments on finite wings investigated the applicability of conventional po-
tential theory on circulation control wings. ROGERS/DONNELLY (2004) tested a slightly
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Figure 2.10: Illustration of finite wing wind tunnel models (planforms reproduced from ROGERS/DONNELLY
(2004) (a), HARLEY ET AL. (2009) (b) and FrRITH/Wo0OD (2004) (c))

tapered half wing (AR = 2) with double-slotted elliptical section shape (! = 0.20) in a
water tunnel (Re = 2.1 x 10°) (Figure 2.10a). In principle, linear potential theory revealed
applicable also on circulation control wings with activated trailing edge blowing. The im-
pact of low aspect ratio was essentially the same as on conventional wings. This conclusion
was also made earlier by IMBER/ROGERS (1996), who examined a low aspect ratio wing
with circular planform and 360deg tangential fluid ejection. Induced drag measurements
in the wind tunnel agreed with classical theory when full aft blowing was used. Moreover,
HARLEY ET AL. (2009) confirmed that established semi-empirical data sheet methods (e.g.
DATCOM), originally developed for conventional flaps, may be used to predict 3D planform
characteristics from 2D circulation control section data. They tested a flying demonstrator
in the wind tunnel whose planform was based on the Boeing X-45A concept (Figure 2.10Db).
However, ROGERS/DONNELLY (2004) found indications that the spanwise flow component
is potentially lower for circulation control wings. This was most visible near the wing tips
where the under-elliptical lift distribution induced surprisingly low effective angles of attack
(ocar = —14°). This effect annihilated the leading edge suction peaks and led to a reduced
wing tip vortex strength. The only pressure gradient from the lower to the upper side stems
from the remaining jet induced suction peak at the trailing edge. Additionally to this, a
small vertical plate was attached at the wing tip covering solely the trailing edge cylinder.
Acting like a trailing edge flow fence, this modification resulted in significant lift increase

and drag reduction in the super-circulation domain.

For highly swept wings, especially the interaction of circulation control with non-linear lift
and other 3D effects is of interest. FRITH/WO0OD (2004) performed wind tunnel tests (Re =
1.3 x 10°) on a diamond shaped wing with a leading edge sweep of gy = 55° and a trailing
edge sweep of 100, = —30° (Figure 2.10b). The pitch and roll moment performance showed
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Chapter 2 Fundamentals of Coanda Flap Aerodynamics

an essentially continuous behaviour that correlates with 2D section trends. It is interesting
to note that effectiveness in the augmentation of lift, pitching moment and roll moment
increased at higher angles of attack, i.e. in the non-linear lift region. The trailing edge
blowing concept was able to favourably magnify the strength of the vortex system that
originated from the highly swept sharp leading edge. Earlier wind tunnel investigations
on delta half wings (¢o% = 50°) with sharp and rounded leading edges showed that the
position of the vortex remains essentially unchanged whereas its diameter increased in size
(FrITH/WOOD, 2003). Another finding was that the circulation control effectors are not
sensible to its spanwise position even if pronounced 3D effects have to be expected on low-
aspect-ratio wings. The spanwise relocation of the Coanda flaps had minor effect on lift

augmentation.

2.3 Flying Demonstrators

This section provides a brief summary of published examples of demonstrators which suc-
cessfully performed test flights with fully functional Coanda flaps. Note that blown-flap
applications were excluded intentionally since practical implementations of simply round
trailing edges are of explicit interest for this work. An early technical realisation of this
circulation control type was successfully tested in flight by LOTH ET AL. (1976). The gene-
ral aviation “WVU Flight Demonstrator” (Figure 2.11a) from West Virginia University was
equipped with a deployable cylindrical Coanda surface mounted at the edge of a conventional
flap. During cruise, it was retracted by folding forward to alleviate the penalty of section
base drag. Under high-lift conditions, the hot bleed air was provided by an additionally in-
stalled turbine whose high-pressure compressor air was expanded through a high-mass ratio
ejector. The associated suction was performed at the flap hinge line which had a positive
effect on circulation control performance. The reduced thickness of the boundary layer ar-

riving from the upper side delays wall jet separation and thus enhances circulation. In the

b)

Figure 2.11: WVU Flight Demounstrator (a) and Grumman A-6A (b) as examples for flying circulation
control demonstrators (LOTH, 2006)
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2.3 Flying Demonstrators

end, satisfactorily high trimmed lift coefficients could be obtained at low aircraft attitude

resulting in good pilot visibility.

A second example performed its test flights in the late 1970s. The modified carrier aircraft
Grumman A-6A (Figure 2.11b) successfully demonstrated the high lift and STOL capabil-
ity of the implemented circulation control wing concept (PUGLIESE/ENGLAR, 1979). The
circular Coanda trailing edge was attached to the existing flap and received bleed air from
both engines for blowing. The bleed air system comprised pressure regulating valves to en-
sure bleed air regulation independent from power setting. Engine ground tests revealed a
thrust reduction of approx. 30% with full bleed. In order to extend the high-lift capability
and safety margins, leading edge separation through excessive circulation was prevented by
an enhanced wing SLAT system. Additionally, the horizontal stabiliser was enlarged and
partially redesigned featuring inverted leading edge droop. Thus, lift coefficients could be
doubled at high angle of attack and even tripled at moderate angle of attack. The achieved
Cr,... was improved by 65% compared to the basic A-6 flaps. The enhanced high-lift cap-
ability led to an approach speed reduction of approx. 30kts yielding ground roll distances
shortened by nearly 50% (ENGLAR ET AL., 1981). In addition, all failure modes tested
in flights turned out to be fully controllable, including blowing- and single-engine failures.
However, the intentionally constant slot heights varied significantly due to changing pressure
load conditions. These structural deformations due to varying throttle and valve settings
constitute an important risk when the real lift performance does not coincide with preceding

estimations.

While the precedent examples exploit the Coanda effect for high-lift applications, one im-
plementation was published which seeks to ensure fluidic flight control through permanent
blowing. Flapless flight through active circulation control could be demonstrated within the
FLAVIIR research project in 2010. The unmanned Demon demonstrator had a take-off mass
of 80 kg and a diamond shaped wing plan-form of 2.5 metres in span (FIELDING ET AL.,
2010; MONTERZINO/LAWSON, 2010). A particularly challenging requirement was that the
vehicle must demonstrate an entire flight cycle without the use of conventional flight con-
trol surfaces. For this, the air vehicle was equipped with two pairs of circulation control
units: one for roll at the outboard position and one for pitch at the inboard position. They
comprised a double-slotted CC aerofoil design featuring a moving cylindrical trailing edge
with eccentrical pivot point. For yaw control, a conventional rudder was used. Since bleed
air from the main engine was insufficient at low thrust levels (e.g. landing phase), a de-
dicated auxiliary power unit provided the required pressurised air on board. This concept

successfully ensured fluidic roll and pitch control during all phases of the test flight.
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Chapter 2 Fundamentals of Coanda Flap Aerodynamics

2.4 Modelling Approaches

Except the previously presented examples found in literature, practical experience with
circulation control systems is rather limited. But as common outcome of flight tests and
experimental work, generally high mass flow demands were reported. This might be one
reason why the Coanda flap concept has not been pursued for industrial applications so far.
Another reason could originate from the uncertainty of turbulent processes which still are not
completely understood, but determine circulation control effectiveness. Neither systematic
data bases of aerodynamic data, nor general design rules for Coanda flap implementations
are available at present. This fact underlines the need for reliable modelling methods which

enable manifold optimisation activities in the preliminary design stages.

One important task of the preliminary design process is the exploration of the design space.
In the context of a given aircraft configuration, the specification of Coanda flap parameters
requires robust modelling methods which quickly provide sufficiently accurate aerodynamic
data. The following literature review on modelling approaches confines to publications on
two-dimensional sections due to the lack of numerical studies on finite wings. Of course,
three-dimensional calculations gave insight into certain 3D effects, but they were conducted
in the scope of supplemental calculations on section experiments. These simulations mainly
tried to reproduce wind tunnel tests with blocked wing tip flow rather than real finite wing

cases or even entire aircraft configurations.

As also summarised in STADLBERGER/HORNUNG (2014), the following subsections review
the most relevant modelling approaches found in literature. Still, vast parameter variations
during preliminary aircraft design are usually achieved by simplified, quick methods based on
analytical and semi-empirical relations as well as on potential flow. However, with growing
computational power also more detailed methods become interesting for early design stages.
Therefore, this review also includes methods of computational fluid dynamics (CFD) and
assesses their performance and sensitivities. Concluding remarks finally deduce the most
promising modelling approach for the scope of this study. So, the final subsection builds the
bridge to the subsequent chapter which then describes the chosen modelling procedure and

involved methods.

2.4.1 Potential Theory and Integral Methods

Right at the beginning of intensive experimental research on circulation control technology
in the 1960s, simultaneous analytical modelling approaches have been applied on the wall jet
behaviour along a curved Coanda surface (DUNHAM, 1968; LEVINSKY/YEH, 1972). Accord-
ing to the potential theory practice, a vortex superimposed on a doublet was used to describe

the global flow field around a tangentially blown cylinder in free stream. On the windward
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surface, parametrised velocity profiles were prescribed both for laminar and turbulent re-
gions. This enabled the application of an integral method to model the main characteristics
of the well-known boundary layer shapes. A similar approach was chosen for the regions that
are affected by the wall jet. The particular wall jet velocity profile was divided into four lay-
ers in order to solve the momentum equations analytically (LEVINSKY/YEH, 1972). In the
standard boundary layer approximation, vertical pressure variations are usually neglected.
The developed multi-strip integral method, however, accounted for curvature effects which
manifest themselves in normal pressure gradients. However, this calculation method still

produced significant deviations from experimental data, especially at high jet momentum.

In the end of the 1970s, the investigated circulation control aerofoils were represented by
a vortex lattice arrangement with additional source distribution to account for boundary
layer thickness (DVORAK/KIND, 1979). The boundary layer flows on the lower and the
upper surface upstream the slot were calculated using integral methods. These were able
to distinguish laminar and turbulent regions through transition point estimation. On the
Coanda surface, a finite difference technique of the Crank-Nicholson type estimated the jet
flow behaviour from ejection until separation. For turbulence modelling, a modified Van
Driest eddy viscosity model was applied on the inner region of the jet while the outer region
underlay a newly formulated eddy viscosity model (DVORAK, 1973). The boundary layer on
the remaining fraction of the Coanda surface was modelled as a nominal boundary layer under
adverse pressure gradient. The combined technique explicitly accounted for both normal
pressure gradients and curvature effects. Convergence of the iterative calculation process
was attained when the upper and lower separation pressure on the Coanda surface both
coincided within a prescribed tolerance, i.e. when the estimation of the rear stagnation point
was sufficiently correct. This program named CIRCON was able to predict jet separation and
associated aerofoil flow field quite accurately for the simulated blowing conditions. Over time,
the calculation tool has been extended for transonic free stream conditions. Both calculations
of potential theory and boundary layer were adapted to account for compressibility effects
on the aerofoil surface (DVORAK/CHOI, 1983). However, supersonic wall jets still could
not be modelled and the semi-empirical turbulence modelling approach was not sufficiently
sensitive to detect changes in pressure distributions arising from small changes in geometry.
Therefore, most recent modifications comprised the introduction of the curvature corrected
k-e-turbulence model for the outer layer of the wall jet (DVORAK ET AL., 1987). This
modelling method thus reached a complexity level not far from finite-difference simulations
which solve the Reynolds Averaged Navier-Stokes equations (RANS) on fully discretised flow
domains (SHREWSBURY, 1986).
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2.4.2 Reynolds Averaged Navier-Stokes Approach (RANS)

As already mentioned in section 2.1, the external free stream plays an important role in
the overall mixing of the different wall jet layers. The viscous processes therein exhibit
a dependency on the boundary layer shape coming from the upper side of the aerofoil
(NOVAK /CORNELIUS, 1986). Therefore, a segregated modelling approach of the wall jet
without global flow field interaction may lead to favourably low computational efforts, but
might not reach sufficient accuracy for arbitrary aerofoil shapes. Here, the simultaneous
solution of the conservation equations for the entire aerofoil flow field (2D) appears more
promising. Computing times rise significantly but should be feasible also for vast para-
meter variations. Hence, the compendium in this subsection is confined to the most recent
modelling activities in the field of numerical fluid dynamics. The following computational
investigations solve the Reynolds Averaged Navier-Stokes equations (RANS) by use of one-
and two-equation turbulence closures. Algebraic turbulence models are excluded as they usu-
ally require case dependent calibration and therefore lack in generality (PULLIAM ET AL.,
1985).

It is common practice to reproduce wind tunnel experiments using CF'D methods. Simulation
results can provide a deeper insight into flow topology and turbulent processes. Figure 2.12
gives an example of a simulated flow field (a) with respective pressure distribution (c).
Whereas some modelling efforts indicate a certain success in using RANS to predict trends
and selected details (BAKER/PATERSON, 2006), there have been more failures of RANS
models than successes (FASEL ET AL., 2006; SWANSON ET AL., 2006; ZACHAROS/KONTIS,
2006; CHANG ET AL., 2006; STADLBERGER /HORNUNG, 2014). Failures typically manifest
themselves in a wall jet which stays attached on the Coanda surface too long up to a non-
physical extent. In the first instance, this leads to an excessive overprediction of the lift
coefficient, but then turns into a gross underprediction of lift. The latter is due to wrong
modelling of the wall jet that wraps around the entire trailing edge (Figure 2.12b) and de-
teriorates the pressure distribution of the lower side (Figure 2.12d). Here, tangential grid
refinement at the Coanda surface can help but does not always cure the problem (SWAN-
SON/RUMSEY, 2009). It is the turbulence model used for RANS closure which is decisive for
the final result. The model dependent eddy viscosity predictions inside the wall jet determine
the location of jet separation. Unfortunately, a distinct all-embracing statement about the
most appropriate turbulence model for circulation control is not possible if one has to give
a final conclusion of available literature at present. It is of interest that the more complex
full Reynolds stress model (RSM) did not turn out to be superior despite its anisotropical
representation of turbulence (CHANG ET AL., 2006; ZACHAROS/KONTIS, 2006). By theory,
it should be more suitable for the wall jet problem (LAUNDER/RODI, 1983). Also, the at-

tempt to adjust the constant coefficients of the k-w-turbulence model could not improve the
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predictability of a general aerofoil design (PAJAYAKRIT/KIND, 2000). However, turbulence
models with implemented flow curvature correction (e.g. HELLSTEN (1998), SHUR ET AL.
(2000)) tend to alleviate the problem of non-physical solutions at high blowing rates but
give no guarantee (SWANSON ET AL., 2005, 2006; FASEL ET AL., 2006; RUMSEY/NISHINO,
2011; AROLLA /DURBIN, 2013).

Systematic calculations of MIN ET AL. (2009) indicate that the order of spatial discretisation
has minor effect on the accuracy of the final results. Similarly, the inclusion of the plenum
chamber upstream the slot exit showed no significant difference compared to the simple
assignment of boundary conditions directly at the vertical slot plane. However, the lift
performance revealed visibly sensitive to the prescription of turbulence level at the slot exit
boundary. Furthermore, calculations performed by NISHINO/SHARIFF (2012) investigate
the influence of jet nozzle lip thickness and underline the importance of turbulent processes
in the region close to the slot. Their results showed that the jet profile across the nozzle exit
is insensitive to the nozzle lip thickness. However, the jet flow downstream the nozzle exit
and circulation control effectiveness are to some extent dependent on the lip thickness due

to the varying momentum losses.
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FORSTER/STELIL (2015) carried out RANS simulations under transonic free stream condi-
tions which also implied numerical investigations of the supersonic Coanda jet. While the
numerical results for Ma., = 0.3 agreed essentially well with experimental data, the posi-
tion of the shock wave on the upper side of the aerofoil could not be predicted accurately
under blowing conditions. However, in terms of supersonic jet detachment, the favourable
effect of both a converging-diverging nozzle shape and a backstep between slot and Coanda
surface could be confirmed numerically (see also subsection 2.2.5). Moreover, a gradient
based contour optimisation of the trailing edge could increase the attained lift coefficient by
8%. In contrast, a weaker curvature close to the slot accomplished to prevent supersonic jet
detachment (FORSTER ET AL., 2015).

2.4.3 Large Eddy Simulation and Direct Numerical Simulation

Theoretically, the extremely fine resolution of the wall jet should reproduce nearly every
turbulent aspect by directly calculating eddies down to very small length scales. Prediction
accuracy is supposed to be highest with these modelling strategies. However, the considerable
increase of computational effort by performing Large-Eddy-Simulations (LES) (NISHINO
ET AL., 2010) or Direct Numerical Simulations (DNS) (MADAVAN/ROGERS, 2010) could not
outperform the RANS methods. Surprisingly, significant deviations of pressure distribution
still exist at high blowing rates. Hence, the statement of SWANSON/RUMSEY (2009) has
to be extended at present: “the current prediction capability with numerical methods for
circulation control flows over Coanda surfaces is not ready for a general design procedure”,
neither with RANS methods nor with LES or DNS approaches.

2.4.4 Conclusion for Coanda Flap Modelling

The first part of this chapter presented the aerodynamic phenomena that have been ex-
perienced on Coanda aerofoils during wind tunnel experiments. The summary of published
modelling attempts in the second part attested poor capability of the present modelling
methods to accurately reproduce the aerodynamic forces and moments up to high blowing
rates. Computationally intense methods (LES, DES, DNS) might be the obvious way to im-
prove accuracy by exactly resolving the complex turbulent processes inside the shear layers.
However, sufficient reliability still could not be achieved in the context of circulation control
aerofoils. Moreover, to meet the objectives of this work, a far quicker CFD method has to be

found in view of the computational power provided by current standard desktop machines.

Potential flow combined with discretised boundary layer representation on the Coanda sur-
face appears promising in the first approach. The adapted zero-equation turbulence model

provided remarkably reliable results. However, the underlying procedure would have to be
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adapted and extended to cover modified CC aerofoil concepts as double-slotted designs for
flight control applications. Since the outcome of this path would have been too uncertain, the
focus was set on calculation methods which represent the modern standard of aerodynamic
modelling. Methods implying turbulence models that rely on transported turbulence quant-
ities in a discretised domain (e.g. k-¢, k-w) provide more flexibility even though automated
high quality meshing is not trivial. Since modelling attempts based on RANS struggled with
high blowing rates, hitherto untested modifications and corrections of local turbulence (e.g.
eddy viscosity) are considered to be necessary to obtain sufficiently accurate results. Of
course, these corrections could also be inspired by robust zero-equation models. As baseline
turbulence model Menter’s sophisticated SST model was judged to be the most promising
candidate for customisation. To this, the subsequent chapter will present a solution which
has been elaborated to enable more accurate and robust simulations of wall jet flows. Fur-
thermore, the option of pulsed blowing is abandoned in this study because of the associated
higher computational effort. Also, in terms of reliability a suitable mechanical implement-
ation is still uncertain including the required moving parts (e.g. membranes, valves etc.).
Hence, steady blowing is regarded as a sufficiently representative baseline configuration for
flight control purposes. The quicker convergence rate supports large-scale parameter varia-
tions even though the performance values turn out somewhat conservative. Consequently,
this work confines to the modelling of steady state aerodynamics to study the feasibility of

Coanda flap systems.

Experimental findings revealed that compressible effects are crucial for circulation control
effectiveness. Nevertheless, the modelling of the external stream was reduced to incompress-
ible flow. The extension to fully compressible flow had to be abandoned in favour of overall
system modelling aspects. Additional challenges would have been the additional solution of
the energy equation, the automated local grid refinement for shock capturing, and the ge-
neral difficulty of transonic flow convergence. Obviously, the incompressible implementation
is not able to correctly represent supersonic jets and their tendency to detach (C)-stall).
Indeed, these points constitute important topics for future studies. In this work, however,
priority is given to the exploration of the overall system behaviour. Incompressible flow still

covers most of the relevant system reactions over large portions of the flight envelope.

Furthermore, fully three-dimensional CFD simulations go beyond the scope of preliminary
aircraft design as they exceed computational capacity and manageability. However, the
compromise of two-dimensional RANS calculations with subsequent extrapolation on the
finite wing is considered to be feasible. Different methods in literature based on potential
theory already responded to the need of viscous section data transfer onto finite wings. By

means of custom modifications, they can be adapted for the modelling of Coanda flaps.
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The previous chapter reviewed the available practical experience with circulation control
aerofoils including published modelling attempts. No matter which type of active flow control
concept is under consideration, they all have in common the need for additional pneumatic
systems. For instance, each technology that relies on blowing requires a source of pressurised
air for synthetic jet formation. So, circulation control systems usually consist of a compressor,
ducts and some sort of fluidic effector element, e.g. the trailing edge device of a Coanda
flap. Since the overall performance of the fluidic flight control system naturally depends
on the behaviour of these subcomponents, they have to be represented adequately within
the overall system model. Figure 3.1 illustrates the simplified system breakdown for a low-
aspect-ratio flying-wing configuration. In this case, the pressurized air is directly supplied by
the engine rather than by a decentralized solution with electrically driven compressors (e.g.
in SEUME ET AL. (2013)). The relatively low distances to be covered by power lines favour
one central source with pneumatic ducts instead of electrical wiring with peripheral, smaller
compressors. The mass penalty of decentralised compressor systems tends to outweigh the
benefits of reduced ducting mass (JABBAL ET AL., 2010; JABBAL/TOMASsO, 2014). The
associated lower complexity and development cost additionally consolidate the concept of

engine bleed as single source for pressurised air.

flight dynamic aircraft system

fluidic flight control system

________________________________

________________________________

. finite wing aerodynamics (3D) !
L

engine

. 4

control and flight performance

Figure 3.1: Illustration of main subsystems of the fluidic flight control system
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To establish the data basis for the simulation of the overall aircraft system, several sub-
models generate data tables which are combined and reprocessed in succession. Figure 3.2
gives an overview of the modelling sequence involving five submodels. For preliminary design
purposes, the models of both engine (compressor) and duct system can be established by
use of sophisticated tools and methods as will be seen in section 3.2 and section 3.3, respec-
tively. Here, computational efforts are low compared to the computing power demands that
arise from CFD calculations. As explained in subsection 2.4.4, RANS methods are judged
to be most appropriate for the aerodynamic modelling of the Coanda aerofoil effectiveness
(subsection 2.4.4). The three-dimensional finite wing reactions are then attained by use
of potential theory. The underlying methods are described in section 3.4 and section 3.5,
respectively. Both imply custom enhancements of sophisticated techniques. Several modifi-
cations have been necessary to obtain reliable results for blown round trailing edges applied
on low-aspect-ratio wings. By means of automated calculation procedures, the submodels
then provide large data tables. They can be assembled in SIMULINK to establish an overall
model of the fluidic flight control system. A fully dynamic flight simulation (6-DOF) of the
aircraft (section 3.6) finally enables the analysis of the overall system performance in the

scope of a given aircraft configuration and design mission.

The first introductory section of this chapter describes the studied double-slotted version
of the Coanda flap concept and specifies the physical interactions between the subsystem
models. The remaining sections explain in detail the modelling approaches used for engine,
air ducts, Coanda aerofoil section aerodynamics (2D), finite wing aerodynamics (3D), and

overall system flight dynamics.

3.1 Investigated Coanda Flap Concept

In chapter 2 the basic principle of the Coanda aerofoil, its sensitivities and potential for high
lift and control moment generation have been reviewed. This concept of circulation control
is further adapted for the use as flapless flight control technique. In contrast to high-lift
applications, the ability to generate control moments in both positive and negative direction
becomes crucial to attain sufficient control authority. Therefore, the studied Coanda flap is
designed as a (symmetric) double-slotted version of a Coanda aerofoil which can act similarly
to a conventional plain flap (Figure 3.3). As a matter of concept, the momentum vector can
be bended both upwards or downwards. This design may also be suitable for yaw control
when the air outflow momentum is controlled differentially on the wing half spans. Note

that the detailed constructive realisation of the Coanda flap is not part of this work.

For the fluid mechanic modelling during preliminary design stages, it is sufficient to define the

upper and lower slot sizes. Both outlets are supplied by the same pressurised plenum cham-
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Figure 3.3: Illustration of investigated Coand& flap concept (modified from STADLBERGER/HORNUNG, 2014,
2015a,b)

ber. So, the common outflow velocity solely depends on the pressure ratio defined by the total
pressure P pienum inside the plenum. The mass flow, and thereby the outflow momentum,
can then be controlled by deformation of the flexible rear parts of the upper and lower skin,
respectively. The vertical positions of the lips set the actual slot heights h,, h; and specify

the outflow momentum coefficients (C)y = f (Pt pienum, Pu) and (C); = f (Pt plenum, ). De-
(Cuu
i
point (where both jets clash) is shifted downwards or upwards. Given a constant plenum

pending on the outflow momentum ratio of the upper and lower slot, the rear stagnation
pressure ratio, the control forces and moments are then determined by the combination of
upper and lower slot sizes. Finally, the Coanda flap effectiveness depends on three control

factors

(ACla Acma AC”)C’oanda = f (pt,plenuma hua hl) (31)

where h,, and h; can be adjusted directly and independently. In contrast, the plenum pressure
Dt plenum 15 Subject to thrust setting 6 and subsystem interactions inside the fluidic flight
control system. These interactions are illustrated in (Figure 3.4). At Mach number Ma,
and altitude H, the steady flight state requires a certain amount of net thrust Fiy. With the
associated throttle setting d7, the engine compressor generates a total pressure p; comp Which
is further reduced along the ducts due to viscous losses. Inside the plenum chamber, it finally
takes the value p; pienum and, together with the ambient pressure p.,, defines the jet outflow
velocity at the trailing edge. Depending on the current slot heights h, and h;, the Coanda
jet mass flow M coanaa leaves the slot exits having a total outlet area Agys. Since the viscous

pressure losses and the engine performance are a function of bleed mass low Mmyjececq = Mcovanda;
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Figure 3.4: Illustration of subsystem model interactions

the final control moment authority (AC;, AC,,, AC,)

and fluid mechanical interactions. Under steady conditions, the overall system will attain a

Coanda 18 @ result of subsystem coupling

state of equilibrium which can be assessed in terms of control effectiveness.

Even though the overall system behaviour is a central part of this study, the flow control
potential of the Coanda flap element is particularly interesting as well. Parametric studies
will provide new insights as no extensive and systematically collected data is available in
literature. In order to increase the informative value of the associated numerical results, the
control factors h, and h; are translated into a combination of two equivalent parameters.

For this, a new control parameter 7, is introduced which yields

(Cu)u — (Cu>l

=G+ (Co (3:2)

This relative outflow momentum ratio is defined to be equivalent to a plain flap deflection
and ranges from —1 (flap deflected 100% upwards) to 1 (flap deflected 100% downwards).
In the case of one common plenum pressure, the control parameter reduces approximately
to the following expression

hu - hl

TI# i htotal ( )

where hiprqr = hy + hy is the sum of upper and lower slot height h, and h;, respectively.
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Again, the control parameter 7, spans the operational range from completely closed up-
per slot (hy = hyotar — nn = —1) to completely closed lower slot (hy, = hiotar — 71 = 1).
These both borderline cases of asymmetric single slot blowing typically provide maximum

control reactions.

Finally, the Coanda flap effectiveness can be described as a function of 7, and Ay

(AClu ACma AC”)Coanda = f (pt,plenuma N, htotal) (34)

This translation of (hy,h;) into (nn,hiee) increases the comparability to conventional plain

flaps and simplifies the analysis of sensitivities.

3.2 Modelling of the Engine and Bleed Air Supply

For active flow control in the subsonic regime, the required bleed air is preferably taken from
the bypass channel of a turbofan engine (Figure 3.5). Bleeding from the core engine usually
leads to severe perturbations of the thermodynamic cycle and counteracts efficient thrust
generation (GOLOGAN, 2009). Above all, the increased turbine entry temperature is critical
for the structural stability of the high pressure turbine stage (RAHMAN, 2009, p. 91ff).
Moreover, when air is bled after the first core engine compressor stages, the subsequent
stages are prone to reduced surge margins. Of course, these penalties could be partially
alleviated through customised engine design that explicitly aims for higher bleed fractions.
But as bleed air demand varies significantly throughout the mission, a globally optimised

core engine is difficult to realise. Especially in the current application, the low pressure

bypass Pt.BP bypass
low pressure flow (BP) T bleed i
compressor (LPC) o / air e b
\ \

) | e

jL

/

high pressure core engine combustion  high pressure low pressure
compressor (HPC) flow chamber turbine (HPT) turbine (LPT)

Figure 3.5: Illustration of a turbofan engine with bypass bleed concept
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compressor (LPC = “fan”) of the intended engine provides adequate total pressure ratios
IT = 1% ~ 2. They essentially lie inside the margins of secure blowing operation without
supersonic jet detachment (Maj; < 1). In principle, high pressure ratios from the high
pressure compressor (HPC) would reduce friction losses inside the ducts. But this benefit is
eliminated under the consideration of the necessary throttles which naturally cause an even
stronger drop in total pressure. Moreover, the associated higher local temperatures are likely
to cause structural complication with hot ducting through lightweight composite structures
(e.g. CFRP). The same applies for exhaust offtake from the mixed nozzle flow. Therefore,
the chosen bypass bleed approach is considered to be most appropriate for the studied aircraft
and engine configuration. This conclusion is consolidated by refs. BARBERIE ET AL. (2013)
and WICK ET AL. (2013) where a similar bleed concept was investigated numerically and

experimentally for a STOL configuration.

The engine and bleed data set was calculated by use of the commercial software package
GasTurb V12. Amongst other features, it allows to simulate the design and off-design per-
formance of gas turbines (KURZKE, 1995), to optimise their thermodynamic cycle (KURZKE,
1999), and to estimate their transient behaviour (KURZKE, 2011). Since 1991, GasTurb has
been developed by Dr. Joachim Kurzke at the turbine engine manufacturer MTU (ger-
man: MOTOREN- UND TRIEBWERKE UNION) and calculates the properties of a variety
of predefined engine configurations (e.g. turbojet, turboshaft, separate- or mixed-stream
turbofan, geared turbofan, etc.). Many of the formulae and algorithms used within Gas-
Turb can be found in MUNZBERG/KURZKE (1977). Considering real gas properties, the
program estimates mass flows, pressures and efficiencies of the engine cycle. Input paramet-
ers are the studied engine geometry, the boundary conditions, and either the spool rotation
speed or the turbine entry temperature. Moreover, the engine off-design performance can
be retrieved by looping over altitude, Mach number, throttle position and various other op-
erational parameters. Here, the software package also enables the processing of script files
and the automated calculation of the correct pressures, temperatures and rotation speeds by
performing internal iteration loops. For this work, the GasTurb scripts have been created by
an automation algorithm in MATLAB and executed manually in GasTurb. Four parameters,

prescribing the operating conditions, have been varied: altitude H, flight Mach number Ma,

bypass bleed fraction %4 and throttle setting. The latter is represented by the normalised

mpp
high pressure (HP) spool speed Qf;p = ﬁ The output data was retranslated into a
esign
MATLAB lookup table building the base of the engine subsystem model. Note that excessive
bleed mass flows (’:;LBE; > 0.5) can lead to convergence problems. These points have been

complemented by cubic spline interpolation or extrapolation.

For all calculations in the scope of this study, the implemented standard compressor and
turbine maps have been used. The results for the isolated engine subsystem, including its

sensitivity to bypass bleed, can be found in subsection 5.1.1.
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3.3 Modelling of the Duct System

The duct system connects the compressor (engine LPC) with the Coanda flap element at
the wing trailing edge. Dependent on the pipe geometry and ducted air mass flow, pressure
losses have to be expected due to viscous effects (e.g. friction, local separations). In general,
local curvatures and diameter changes should be designed as smooth as possible respecting
the limited available space. Moreover, due to the risk of internal shocks, the pipe diameters
should be chosen such that the smallest cross sectional area is located at the slot exit.
Intermediate throats in duct systems can significantly increase the penalties of compressible

effects when the mass flow rates reach critical values.

In the field of hydraulic system engineering, it is common to estimate the pressure losses by
use of the theory of flow filament. Bernoulli’s incompressible flow equation is combined with
empirical pressure loss coefficients given for different shapes of pipe segments (SIGLOCH,
2003, p. 111ff). For general gas flows with changing density, however, this incompressible
approach is invalid. Therefore, the compressible Navier-Stokes-Equations (subsection 3.3.1)
are solved for a discretised, but reduced model of the pipe geometry. Under the assumption
of an adiabatic quasi-1D flow of an ideal and perfect gas, the equations can be simplified
such that their solution requires insignificant computational efforts. The implementation
of the iterative solution procedure as well as the incorporation of empirical pressure loss
coefficients is described in subsection 3.3.2. The application of this method can be found in

subsection 5.1.2.

3.3.1 Governing Equations

According to the finite volume method (VERSTEEG/MALALASEKERA, 2007, p. 9ff) the
compressible fluid transport equations can be written in an integral form by using Gauss’s

divergence theorem. The continuity equation then is given by

0
/a—fdv+/ﬁ-(p7)d/1=0 (3.5)
cv A
where the normal vectors on the control volume’s (CV) boundary surfaces A are denoted by
%
.

The Reynolds averaged momentum equation yields

/ @(gtuz) dV—l—/ﬁ-(PUi . 7) dA = — / Spi dv+/ﬁ‘(ﬂeff gradui) dA+/ Suz- dv (3.6)
A A cv

cv cv

where S, = % constitutes the pressure source term and .S, an arbitrary momentum source
k2
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Figure 3.6: Illustration of duct model with discrete control volumes

term. Note that, according to the Boussinesq assumption, the effective viscosity perr = p+pe
contains the laminar viscosity p of the fluid and the eddy viscosity u; due to time averaged

turbulent fluctuations.

In analogy, the energy equation yields

T - x ’ [ dA+ V
9 (pCy >d - (pC,T - 7)) dA = — pdivd dV+ [ W -(kresrgradT) d Sid
\% / eff
A

ot
cv cv A cv
(3.7)
where S; represents an arbitrary heat source term.
For an ideal gas, its density can be derived from the ideal gas law
p = pRT (3.8)

3.3.2 Semi-Empirical Implementation

Considering a quasi-1D control volume of steady flow (Figure 3.6), Equation 3.5 and Equation 3.6

can be simplified to

pwuw Aw = ppupAg (3.9)
AR
Aw v
Ap
As the cross section area along the duct is not constant, the pressure integral [ pdA for
Aw

the upper (north) and lower (south) cell face still has to be determined. It is approximated
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AR
by [ pdA~D(Agp — Aw). The mean cell pressure p can be approximated by p ~ w.
Aw

Under the assumption of an adiabatic flow of ideal and perfect gas, i.e. no heat exchange
through the pipe walls, the energy equation (Equation 3.7) can be converted to the following

isentropic equation

1 -1
T=T, (1 4+ > Ma2> (3.11)

where the total temperature 7j is considered to be constant along the entire duct. The

remaining isentropic equations can be found in the appendix (section C).

The pressure losses due to friction and turbulent processes inside the ducts are approximated
by empirical relations. The pressure decrement Ap along a pipe segment with length L and
hydraulic diameter D4, can be modelled by

1 L

Ap = __pEQ/\visc

L 3.12
2 Dhyar (3.12)

where \,;s. denotes the pressure loss factor due to viscous effects which has to be determined
by empirical laws covering different pipe segment shapes. Note that the cross sections of the
ducts are assumed to be of circular shape, i.e. Dpyqr = 2Rip.. The integral momentum sink
term [, S, dV in (Equation 3.10) can then be modelled by

1 l

/ S, dV = / ApdA ~ §pu%)\m~sc%Ap = ng,QP)\m-sclcvdp (3.13)
P

1% A

where [oy denotes the length of the control volume. wup, dp and Ap represent the flow
velocity, the diameter and cross sectional area at the control volume centre, respectively.

The pressure loss coefficient A\, is defined by

)\m'sc = )\fm'c (1 + fbend) + )\sep (314)

where the Darcy/Weisbach friction factor A represents the pressure losses due to fric-
tion and shear stresses inside the developed boundary layer. The additional pressure loss
supplement fy.,q introduces increased pressure losses due to three-dimensional effects and
separations inside pipe bends. A4, further accounts for possible flow detachments and recir-
culations that likely occur in diverging duct segments. The respective coefficients are given

as follows:

For laminar flow (Re, < 2320) the friction factor A, is given by the Hagen/Poiseuille law
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(S1GLocH, 2003, p. 114) and can be modelled by

64
Asrie = oo (3.15)
with the pipe segment Reynolds number Re; = “l’j;TP

For turbulent flow the friction factor Ag.;. can be estimated according to Colebrook/White
(SIGLOCH, 2003, p. 120)

2.51 k

1 .
S § 1 (Y i 3.16
oy & <RW dp> (316)

According to Herning (WAGNER, 2012, p. 99f.) the pressure loss supplement fye,q of a pipe

bend with radius 74,4 and bend angle ¥y.,,q can be approximated by

ﬁbend @
end — Cben - 3.17
Joend = Chend - /2 I ( )

where the coefficient ¢4 depends on the bend aspect ratio ope,g = % and is given by

9 Tpend < 2
0_4
bend
Cvend = % 2 < Obend < 8 (318)

1'60bend Obend Z 8

The influence between two successive pipe bends was neglected in the scope of this work.

The separation loss factor Ay, approximates the pressure losses caused by separations inside

diverging pipe segments (diffusor) (CzicHOS/HENNECKE, 2004, p. E145) and is given by

dw \?\ dp
— 1— (2 r 1
Aaer ]%( (dE) > L (319

where the empirical correction factor k£, can be interpolated using the values in Table 3.1.
Pressure losses inside throats which likely occur after converging pipe segments were not
taken into account. It is assumed that the only converging nozzle segment is situated at the

end of the duct system.

The presented theory and empirical relations were implemented in the MATLAB environ-
ment from MATHWORKS. The developed function processes an arbitrary discretised duct
geometry, i.e. the pipes are divided into a chosen number of control volumes. Input para-
meters are the inlet total pressure p;;,, the inlet total temperature T} ;,, and the static

pressure p; ..;x at the duct exit. For robustness reasons, the unconditionally stable upwind
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Table 3.1: Empirical correction factor kg

Diffusor angle ¢g; 7y [deg] Correction factor ky|-|

d 0.13
7.5 0.14
10 0.16
15 0.27
20 0.43
40 1
180 1

differencing scheme is employed which prevents numerical instabilities due to coarse discre-
tisation. To avoid non-physical, discretisation induced pressure oscillations, a staggered grid
approach was chosen for velocity components and scalar parameters (HARLOW/WELCH,
1965). A coupled pressure-based solver strategy, implying a combined system of linear equa-
tions (SLE), has been implemented. The built-in MATLAB function mldivide solves the
SLE of the momentum (Equation 3.10) and continuity (Equation 3.9) equations simultane-
ously. Then Equation 3.11 is used to update the static temperature after each iteration. The
boundary conditions are determined by the total pressure p;;, and the total temperature
T::n at the duct inlet as well as by the static pressure p; .+ at the outlet, i.e. slot. For

purely subsonic flow, the inlet velocity wu;, is set according to the pressure ratio (’ﬁ) at
wm

p
the inlet and has to be updated at each iteration step. With increasing bypass pressure ratio
[gp = :’“—Bi = ppt’—i"_f at the duct inlet, the flow reaches critical conditions Ma* = 1 at the

section featuring minimum cross section area A* = A,,;,,. Under “choked” conditions, the
inlet velocity u;, is given by the mass flow rate rm;, = m* = p*u*A*. Note that the static
pressure boundary condition at the outlet also has to be readjusted for supercritical flow,
when the air at the exit is underexpanded. The exit pressure then yields pg ..ix = p* where
the critical static pressure is a function of the total pressure at the outlet p* = f (p; out). The

involved isentropic flow equations can be found in the appendix (section C).

3.3.3 Validation

For validation purposes, the inviscid results ([, S, dV = 0) of the MATLAB implementa-
tion were compared with results given by the isentropic flow equations (section C in the
appendix). The tested duct system geometry is given in Figure 5.5 on page 88. Figure 3.7
shows the relative deviation of the local flow parameters which, in the isentropic case, are
a function of total conditions and local Mach number. Maximum discrepancy is found in
regions of significant cross section area change but remains well below 0.5%. In order to

check the impact of discretisation, the number of discrete control volumes was varied for
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Figure 3.7: Relative deviation of inviscid results Figure 3.8: Relative variation of results as function
from isentropic flow equations of discretisation

identical boundary conditions. As can be seen in Figure 3.8, the relative difference of the
most relevant flow properties drops below 1% for a number of 200 duct sections. For this
comparison, the results of the finest grid (Nsections = 1000) served as reference. Therefore,
a discretisation of Ngecrions = 200 was used for subsequent calculations whose results can be
found in subsection 5.1.2. A possible error of 1% was judged to be acceptable in view of the

simplifications made within the underlying semi-empirical method.

3.4 Modelling of the Coanda Aerofoil (2D)

According to the chosen segregated approach of Coanda flap modelling, the flow control
potential is modelled and studied in the two-dimensional case first. Later, the 2D aero-
foil data can be translated to three-dimensional aerodynamic reactions of the finite wing
(section 3.5). The following subsections therefore describe the method used to estimate the
2D section aerodynamics under different blowing conditions, i.e. plenum pressures. Once the
total pressure in the plenum chamber of the Coanda flap element is defined (section 3.2 and
section 3.3), the jet exit velocity Uj.; can be retrieved by use of the isentropic flow equations
(section C in the appendix). The latter assume isentropic expansion up to the slot exit posi-
tion where the Coanda jet is finally ejected to free stream. This simplification is considered

to be valid for strongly accelerating, relaminarised flow in the Coanda flap nozzle.

With given slot heights h,, h; and free stream conditions U, the resulting blowing inten-
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sity C,, (Equation 2.1) determines the lift (A¢;), drag (Acq) and pitching moment (Ac,)
increments of the affected wing sections. For the estimation of these forces and moments
on the 2D Coanda aerofoil, the steady Reynolds Averaged Navier-Stokes (RANS) equa-
tions (subsection 3.4.1) are processed numerically (subsection 3.4.3). In general, most of
the underlying theory and its numerical treatment presented in this section relies on fun-
damentals compiled by FERZIGER/PERIC (2002) and VERSTEEG/MALALASEKERA (2007).
Turbulence closure is achieved through a modified version of Menter’s SST turbulence model
(subsection 3.4.2 and subsection 3.4.5). As already mentioned before (subsection 2.4.4), the
fluid of the given flow problem is considered as an incompressible Newtonian fluid to re-
duce computational efforts and to stabilise convergence. Past numerical studies have shown
negligible influence of jet compressibility up to at least exit velocities of Maj.; = 0.64 (RUM-
SEY/NISHINO, 2011). The implementation of the 2D modelling method also comprises
an automated mesher and convergence detection (subsection 3.4.4). Finally, the method’s
applicability is to be proven on wind tunnel test cases from literature (subsection 5.1.3).
Parts of this section can also be found in STADLBERGER/HORNUNG (2014) and STADLBER-
GER/HORNUNG (2015D).

3.4.1 Governing Equations

For the steady simulation of an incompressible fluid, the continuity equation (Equation 3.5)

reduces to

/ﬁ S UdA=0 (3.20)
A

Neglecting any further surface and body forces (e.g. gravity force, centrifugal force, Coriolis

force), the momentum equation (Equation 3.6) then finally yields

/W (ui - W) dA = — / Sp, AV %—/%> - (Veppgrad u;) dA (3.21)
A cv A

where the effective viscosity is given by v.rs = v +14. For the determination of the kinematic
eddy viscosity 14, i.e. for the closure of the RANS equations, Florian Menter’s k-w-models
(BSL/SST) (MENTER, 1994; MENTER ET AL., 2003) were selected. They estimate the
extra turbulent stress terms evolving from time-averaged turbulent velocity fluctuations.
The details of the implemented turbulence model are described in subsection 3.4.2 and

subsection 3.4.5.
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Table 3.2: Turbulence model coefficients of Menter’s BSL model

coefficient  k-w-model (F} = 1) k-e-model (F; = 0)

O 0.5 1
Ow 0.5 0.856
6] 3/40 0.0828
B 0.09 0.09
y 5/9 0.44

3.4.2 Baseline Turbulence Model

The steady state, incompressible formulation of Menter’s original turbulence model (MENTER,

1994) consists of two transport equations. The turbulent kinetic energy k is given by

div (k) = div [(v + oxwy) grad k] + (vP), — B kw (3.22)
2 2
with the production term P = 2 {(2—2)2 + % (g—;‘ + %) + (g—;) }
The turbulence frequency w is given by

div (@) = div [(v + o,1) grad w] + 7P — Bw?+

oy (OkOw Ok oOw
+2(1_F1)U<%a_x+8_ya_y) (3.23)

where the blending function [} is defined by

4
F; = tanh { < min [ max vk 5000 dpauk (3.24)
L Brwdy, d2w | CDpd2, '

with C' Dy, = max <2,0%J (%%} + g—’;%—?) , 10_10) and d,, as the distance to the nearest wall.

F) is equal to zero away from the surface (k-e-model) and switches over to one inside the

boundary layer (k-w-model). The constants of the model are blended accordingly using
C;, = Flck,w + (1 — Fl) Ck—e (325)

whose original coefficients for the BSL model are given in Table 3.2.

To prevent the build-up of turbulence in stagnation regions, the production term of turbulent

kinetic energy (vP), is limited using

(vP), = min ((vP),, 108" pkw) (3.26)
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For the baseline model (BSL), the turbulent eddy viscosity finally yields

k (3.27)

Vy =
For the shear-stress-transport-model (SST), the constant coefficient o) changes to 0.85 and
the eddy viscosity is limited through the following expression

alk

max (alw, \/?Fg)

(3.28)

Vy =

where the constant a; equals 0.31 and F; is a second blending function which is defined as

(3.29)

2
F5 = tanh | max ( 2vk 500V>

Brwd,,  diw

The boundary condition for the turbulent kinetic energy k on no-slip walls is (k),,,,, = 0. For

w, the boundary condition values are calculated according to HELLSTEN (1998) and yield
uz
(w)wall = 7SR (330)

where u, is the friction velocity u, = /7, /p and Sk is a non-dimensional function defined

as

50 /max (k*, kX)) fork* < 25
SR _ ( / ( s s,mzn)) s (331)
100/k} for kI > 25

Here, k} is the non-dimensional sand-grain height k7 = w,ks/v where its lower limit is
given by kb . =24 (y")"® for ideally smooth surfaces. This limit depends on the non-

s,min wall

dimensional height (y*),,, of the first computational cell adjacent to the wall.

3.4.3 Numerical Implementation

The following paragraphs describe the strategy pursued for the implementation of the pre-

viously presented theory.

Differencing Scheme and Staggered Grid The current implementation relies on the
hybrid differencing scheme which combines both upwind and central differencing schemes
(SPALDING, 1972). Depending on the local Peclet number, the second-order accurate central

differencing scheme or the unconditionally stable upwind differencing scheme is employed.
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This method prevents numerical instabilities due to coarse discretisation. Furthermore,
to avoid a non-physical discretisation induced “checker-board” pressure field, a staggered
grid approach for velocity components and scalar parameters has been implemented (HAR-
Low/WELCH, 1965).

Development Environment and Coupled Solver The steady incompressible RANS equa-
tions (subsection 3.3.1) are processed inside the MATLAB environment from MATHWORKS.
A coupled solver strategy with a combined system of linear equations (SLE) was set up sol-
ving the momentum and continuity equations simultaneously. MATLAB includes an ample
library of regularly optimised built-in functions which help to treat common mathematical
and geometrical problems in a naturally parallelised manner. During the iterative process,
the solution of the SLE constitutes the main fraction in terms of computational cost. The
corresponding function mldivide is based on FORTRAN subroutines (UMFPACK) and calcu-
lates this step at high performance. Unfortunately, it is only partially parallelised up to
now so that the full computational power of a cluster cannot be exploited yet. However, for
large calculation campaigns the calculations can be parallelised in macro scale. Each of these
simulations is launched on only one single CPU core instead of processing one calculation

on several cores.

Under-Relaxation Although a stabilising coupled approach is used for the solution of
the flow field, the non-linear character of the partial differential equations (PDEs) usually
requires under-relaxation to assure a robust calculation process. Therefore, the velocity field

um s updated by only a portion of the new SLE solution U new-

U™ = AU e + (1= fR)W™! (3.32)

The under-relaxation factor fR is permanently adapted according to the following expression

|aw|
fx = ( - >W (3.33)

max (| (u,v),. — (4, 0)" ' ij) /Uso

where the maximum allowed velocity change (%) has to be predefined. Here, a com-

promise has to be made between convergence rate and robustness. In this implementa-
tion, the velocity change is redefined at each iteration n according to the relations given in

Ujet
Uso’

during the first 20 iterations and decreases to low levels when a number of 250 iterations

Table 3.3. Depending on the jet velocity excess the allowed velocity change increases

is exceeded. This assures robustness during the first iterations where the flow field is still
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Table 3.3: Law of under-relaxation for PDE solution

()
iter Uoo e
1
! 0.2 7
5
Ujet

! 0.5 Yt
20
! min(o.y%,o.zl)
50
! min<0.05-l[]j§,0.2)
250
! min<0.02-l[§f,0.1)
350

min (0.01- 57, 0.05)
(0. @)

characterised by unbalanced velocity gradients. Then, increasing velocity changes accelerate
the solution process until n = 50 and finally flatten a possibly volatile convergence behaviour
when a large number of iterations (n > 250) has already been calculated. These calculation
rules constantly gave satisfactory results throughout the numerous simulations performed
within this study.

3.4.4 Automatic Meshing and Calculation

For automation, several features have been implemented as the tool is intended to be used
for large calculation campaigns consisting of more than 10000 simulations. The widespread
parameter variations therein have to be calculated on several machines simultaneously. For
this, a MATLAB script creates batch job files that can be processed by the available ma-
chines/CPUs (“workers”) in a parallelised manner. Besides various simulation settings, the
job files contain Coanda aerofoil geometry data (i.e. baseline aerofoil, Coanda radius r, slot
sizes h,, hy), free stream conditions (U, o) and an array of jet outflow velocities (?j—;) .
After the launch of the calculation campaign, each worker performs the following steps (seze

also Figure 3.9):

Based on the given geometry data, an automated meshing algorithm creates an orthogon-
alised structured curvilinear baseline grid (@). Then, the nodes close to the slots are com-
pressed and stretched according to the given slot heights (@). After the definition of the free

stream conditions (@) and the estimation of the initial flow field properties through poten-
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Figure 3.9: Tllustration of the calculation procedure during a calculation campaign

tial flow (@), the actual simulation process starts (@). The batch job files are structured

such that one file contains the information for a sequence of simulations with increasing
Ujet
Uso

(2
calculations can be initialised by the precedent solutions to speed up convergence. Only the

jet outflow velocity ( ) while all other settings are kept constant. So, the subsequent
slot boundary conditions have to be updated (@®). As illustrated in the detailed flow chart on
the right hand side of Figure 3.9, each simulation is monitored at runtime. After each inter-
mediate solution of the linearised RANS equations (@), i.e. solution of the SLE, automated
checks are performed to identify proper convergence (@) or irregularities as jet wrap-around
and leading edge separation (@). Both of them can terminate the current simulation process
which is followed by post-processing and data storage (®). Finally, the successfully converged
simulation files build the basis for the assembly of the aerodynamic data table that contains
most of the operating points earlier defined by the input batch job files. The following para-
graphs provide more details about the most noteworthy methods involved in this calculation

procedure.

Meshing (0, ®) At first, a coordinate list of contour points is read in for the definition
of an arbitrary baseline aerofoil geometry. Alternatively, the contour coordinates of the
NACA families can be retrieved automatically by means of an integrated external NASA

tool (nacadb6). On the basis of further geometry information as trailing edge radius r and
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nominal slot heights (h,, h;),, the trailing edge of the baseline aerofoil is cut at the z-position
where the aerofoil thickness equals ¢t = 7+ (hy, )y + (h1)o+ Piipu + hiips- The subsequent model-
ling of the new blunt trailing edge shape (circular or elliptic) finally defines the new contour
of the Coanda aerofoil. An automated mesher then creates a structured grid for nominal slot
opening conditions (“baseline grid™ (hy, k) = (hy, hi),) (@). For this, an algebraic initial-
isation with controllable density functions for varying grid point distributions provides an
initial curvilinear grid featuring node refinement towards walls. In general, increased accur-
acy and robustness of the solution can be obtained by use of orthogonalised meshes. There-
fore, a subsequent orthogonalisation process has been implemented according to THOMPSON
ET AL. (1999, chapter 6). The coordinate functions @ (€,7) = (gy (€,m) y(é“?n))T of the
grid points on the curvilinear grid lines along £ and 7 are iteratively relaxed until they satisfy

the following quasi-linear elliptic system of equations

922 (755 + P?g) - 2912?@7 + 91 (?nn + Q?n) =0 (3.34)

where

g1 = x§ + yg,

g12 = Tely + Yeln,

22 = Ty + U3
After discretisation of the derivatives z, = S_ZZ? Tpp = g%ﬁ and reordering, the resulting SLE
is solved by use of the MATLAB embedded function mldivide. At each iteration, the grid
points are shifted towards a uniformly spaced orthogonal curvilinear grid. Note that under-
relaxation is necessary to stabilise the solution process. To retain the non-uniform spacing
(e.g. refinement inside boundary layers) of the initial algebraic grid, the orthogonal control

functions P and () have to be found by solving the following linear system

g22T¢  J11Ty P . 2012T¢n — 922Tee — G11 Ty (3 35)

922Ye  g11Yn Q 2921Yen — 922Yee — 911Ymn

However, to assure orthogonality at the boundaries, the functions P and () are evaluated at

these nodes using

_ ?5'7& _ ?E‘?vm

P
— gi1 g22 336
Q _?n'7m7 _ ?77‘?55 ( )
g22 g11

and interpolated to the interior. At each iteration, the different values of P and () from
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3.4 Modelling of the Coandd Aerofoil (2D)

Equation 3.35 and Equation 3.36 must be smoothly blended from the boundary to the in-

terior using an appropriate blending function.

To speed up the meshing of different slot geometries, this orthogonalisation process is per-
formed only on the baseline grid defined by r and (hy, h;),. The current slot sizes hy,
are introduced by manipulation of the nodes close to the slots (@). The efficiency of this
approach relies on the fact that the baseline meshes can be stored and reloaded to avoid the
computational expensive orthogonalisation process for subsequent simulations. In the slot
regions, the compressed and stretched grid finally represents the contour of the bended rear
fraction of the aerofoil skin. According to the fundamental solution of the fixed beam prob-
lem, the bended contour line was approximated by a cubic spline. As the node displacements
are relatively small, the initial grid orthogonality is not affected significantly. Examples of
automatically created grids by use of the presented method can be found in Figure 3.12 and
Figure 5.9.

Flow Field Initialisation (®) In order to increase robustness and convergence rate at the

first operating point given by (I{JJ;)Z, the flow field is initialised by an approximated inviscid
solution evolving from potential theory. Discrete potential vortices and respective control
points are distributed along the aerofoil contour. They model the inviscid flow field which
finally is defined by the Kutta condition at the trailing edge. A guessed angle ©f,_, sets the
aft stagnation point on the Coanda surface and closes the SLE to determine the potential

vortex strengths.

Convergence Detection (®) A convergence detection enables the premature completion
of each single calculation and leads to significant time savings. The stop criteria are based on
the history chart of the lift coefficient. The variance |¢; — ¢ and slope ]d%| of its 1% order

regression (line) are used to terminate the calculation if both of the following conditions are

true
dcg
dcl dniter
< \/ iter < 337
|dniter | 7 | El 72 ( )
max (|c, — @) < o3V max (’Cl|;l|cl|> < 0y (3.38)

Either the absolute or the relative representation of the variance and slope values can trigger

Ujet . .
. High jet

velocities usually imply strong variations in ¢;. For the calculation campaigns performed

the compliance of each condition to cover a wide range of blowing conditions

within this study, the threshold values of Table 3.4 provided satisfactory results. As a com-

promise between robustness and convergence speed, the history of the precedent 20 iterations
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Table 3.4: Proposed threshold values for convergence detection

o1 5 x 1074
oy 5 x 1073
o3 2x1072
o4 2x1072

Figure 3.10: Lift coefficient history of an exemplary calculation with increasing jet outflow velocity ratios
Ujet/Uoo

a) b)

—— & / Chase = 0.0024 o

Q

|4/ Use [=] |l /Us [=]

Figure 3.11: Flow field of “erroneous” calculations with leading edge separation (a) and jet wrap-around (b),
a =10deg, —— = 0.035, 7=t =5, =0

Chase ? Chase

was evaluated. Figure 3.10 shows the lift coefficient history of an exemplary calculation with
automated convergence detection for increasing jet outflow velocity ratios 0 < % < 10. The
vertical dashed lines indicate the completion of each operating point before the slot boundary

conditions are changed for the subsequent jet velocity [[Jj—g (@).

“Error” Catching (®) In addition, problem specific flow phenomena as leading edge sepa-
ration (Figure 3.11a) and jet wrap-around (Figure 3.11b and subsection 2.4.2) are detected
at runtime. These “errors” are identified through flow direction checks on the front half of

the aerofoil surface and through monitoring of the jet separation angle O, respectively.
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3.4 Modelling of the Coandd Aerofoil (2D)

Both phenomena usually entail instabilities and the inability to converge properly. Their
detection contributes to robustness and acceleration of the automated calculation campaigns
as failed branches are stopped. So, the subsequent operation points remaining in (%]—Oo")l are

cancelled once jet wrap-around or leading edge separation has occurred.

3.4.5 Turbulence Model Modifications

Initial test calculations with high jet outflow ratios l{j—o: led to results deteriorated by the
aforementioned jet-wrap-around phenomenon (Figure 2.12b and Figure 3.11b). The jet re-
mains attached to the Coanda surface too long, completely wraps around and shifts the
rear stagnation point to the lower side of the aerofoil. The reasons for this non-physical
solution are associated with the eddy viscosity prediction inside the characteristic wall jet
(Figure 2.1). Initially, two modifications from literature have been tested. The “Separa-
tion Bubble Fix” from RUMSEY (2009) and the correction of the viscous sublayer from
CEeLIC/HIRSCHEL (2006), however, did not cure the problem of jet-wrap around. Finally,
the detailed numerical investigation of this phenomenon yielded an own solution. The fol-
lowing subsections therefore propose two modifications for Menter’s SST turbulence model.
At high blowing rates, they alleviate the encountered problems and contribute to accuracy

and robustness of convergence.

Wall Jet Correction (WJC) First results indicate that the original version of Menter’s
blending function (Equation 3.24) is inconvenient for the treatment of fluid over-speeds near
the wall. The wall jet sheet is partly modelled by the k-e-model, even in regions close to
the wall where the k-w-model should dominate. For boundary layer flows, and especially for
separating flows in adverse pressure gradient, the k-w-model is superior to the k-e-model in
terms of accuracy (MENTER, 1994). The latter often is prone to the wrong prediction of
delayed separation. To mark the entire wall jet zone to be treated by the k-w-model, the

following expression provided robust results in the scope of the tested cases.

A%
Fp =tanh || v- 7z (3.39)
where D is the norm of the fluid element deformation tensor yielding D = /2% 94 This

axj axj )
ensures that the mixing layer is selected (Fp ~ 1) due to its strong velocity gradients relative
to the free stream velocity U,. The amplification factor v was calibrated from numerical

experiments and was set to the value of 1 x 10* for the present calculations. This wall jet
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marker function was introduced into Equation 3.24 which then yields

4
. VE  500v Jsapouk
F; = tanh {mln [max <5*de7 o + Fp D (3.40)

Note that the safeguard term % of the baseline model takes very low values inside the
wall jet and dominates the blending function F} there. To avoid the undesired allocation to
the k-e-model in these regions, the factor fgs inside the safeguard term was increased from

originally 4 to 40 000.

Modification of SST-Model Formulation (SSTMod) The application of the original
shear-stress-transport model (SST) leads to reduced eddy viscosities in the mixing layers
of the downstream wall jet near the slot lip. The extraordinarily high strain rates in the
lip wake make Equation 3.28 act like an eddy viscosity limiter in this mixing layer region.
Too low eddy viscosity values therein prevent the wall jet from momentum diffusion into the
aerofoil free stream. The wall jet can preserve its overspeed up to non-physical distances
and detaches too late or even not at all. Therefore, a modified formulation of F5 is proposed
to deactivate the SST eddy viscosity limitation in the mixing layer regions of the wall jet.
Equation 3.28 is extended by Fp (Equation 3.39) and yields

alk‘

max <a1w, VP (Fy — FD)> (3.41)

Vy =

3.4.6 Validation

The baseline RANS method was validated by standard test cases (lid-driven cavity flow,
turbulent boundary layer on a flat plate, unblown aerofoil) as can be found in the appendix
(section D). The validation of the final method including its turbulence model modifications
is presented in the following paragraphs. Englar and Jones” wind tunnel experiments found

in ref. ENGLAR ET AL. (2009) served as test cases.

Grid The aerofoil geometry and used grid topology are given in Figure 3.12. For the
circulation control aerofoil, the O-grid mesh topology reduces grid distortions and skewed
cells to a minimum. The normal grid spacing inside the boundary layers was resolved such
that the first nodes adjacent to the wall fulfil the requirement y* < 1. Especially for high
velocity wall jets, this leads to very small distances. The longitudinal grid size was varied

by use of three different meshes. Their properties are given in Table 3.5.
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3.4 Modelling of the Coandd Aerofoil (2D)

CC aerofoil from ENGLAR ET AL. (2009) T
t/ccoanda 20% i
camber 0%

T/ CCoanda 0.095

CCoanda |M] 0.22

Re 500 000

hy[mm]  0.23, 0.33, 0.46, 0.66, 1.09 i
huip [mm)] 0.25 ”"," !

Figure 3.12: Circulation control aerofoil geometry of validation test case and used grid topology (STADLBER-
GER/HORNUNG, 2014)

Table 3.5: Mesh sizes of mesh refinement study

coarse medium fine

Total number of longitudinal points 400 500 700
Number of long. points on Coanda surface 145 180 250
Total number of vertical points 180 200 200
Number of vert. points from Coanda surface to outer lip edge 80 90 90

Boundary Conditions The internal plenum was not modelled in this study. Instead, the
jet inflow boundary condition was set directly at the vertical slot boundary below the slot
lip. According to the wind tunnel experiments, the free stream velocity U,, was set to low
subsonic conditions yielding a Reynolds number of 500000. The calculated values for the
mean jet outflow velocity ratio l(]j—o: ranged from 0 to 10. The jet inflow velocity profile
was approximated by a simple polynomial function of degree 10. Test calculations indicated
insignificant dependence on the degree. Inflow turbulence parameters k£ and w at the slot exit
were set to laminar flow conditions. The measured slot exit velocity profile indicates that the
strong acceleration of the fluid inside the nozzle leads to relaminarised turbulence conditions
in this zone (ENGLAR ET AL., 2009). The sand-grain height was set to ks = 0.05mm for

wall boundaries on the entire aerofoil including the Coanda surface.

Curvature Correction In some references, turbulence models with implemented flow cur-
vature correction (e.g. HELLSTEN (1998), SPALART/SHUR (1997)) tend to alleviate the
problem of non-physical solutions at high blowing rates (SWANSON ET AL., 2005, 2006;
FASEL ET AL., 2006; RUMSEY/NISHINO, 2011). However, they give no general guarantee
for successful simulations and accurate results. Initial calculations with Hellsten’s correction
(HELLSTEN, 1998) exhibited a volatile behaviour with unstable convergence. The highly
curved streamlines around the nose provoked significant differences in the turbulence pre-

dictions of the upper boundary layer. Since the turbulence parameters of the wall jet are
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Figure 3.13: Lift coefficient increment (a) and wall jet separation angle (b) with original turbulence model
versions (BSL, SST) for different mesh sizes, h,, = 0.5mm, o = Odeg

sensitive to these upstream turbulence conditions, their unsteady interaction led to low con-
vergence rate and poor accuracy. The variation of the curvature model constant did not cure
this problem either. Therefore, curvature corrections have not been activated further in this

study.

Hardware and Computational Performance The calculations in the scope of this study
were performed on in-house desktop machines equipped with Intel Core i7-4770 processors
(quad core, 3.40Ghz) and 8GB RAM. One iteration took between 5s and 10s where con-
vergence was attained after 40 to 80 iterations in the majority of cases. The convergence

criterion was based on the fluctuation and evolution of the lift coefficient (subsection 3.4.4).

Results

First, an initial mesh refinement study illustrates the behaviour of the original turbulence
model (BST, SST). Then, the subsequent paragraphs describe the impact of the turbulence
model modifications (WJC, SSTMod) on the lift generation ¢; as well as on the implied wall
jet profiles.

Mesh Refinement Study with Original Turbulence Model (BSL, SST) The longitu-
dinal grid size was varied during an initial mesh refinement study employing the original
BSL and SST turbulence model. Figure 3.13a shows the section lift ¢; over the blowing
momentum flux coefficient C,. For blowing rates up to C, = 0.1, most of the BSL and SST

lift increment curves exhibit a similar trend until they suddenly drop to lower levels when
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Figure 3.14: Velocity (a), eddy viscosity (b) and blending function (c) of the wall jet with original turbulence

model (BSL, SST), medium mesh size, ([]J’;’ =3, C, =0.057, h, = 0.5mm, o = Odeg

higher blowing rates (C,, > 0.15) are reached. Figure 3.13b reveals that the simulations are
corrupted by the well-known jet-wrap-around phenomenon indicated by Oy, > 170°. The
coarse SST case was not affected by this instability but the lift generation deviated signi-
ficantly from experimental results at higher blowing rates. In general, the original baseline
model (BSL) performed better than the original SST model while in both cases the impact
of different mesh sizes becomes more significant only at higher C),-values. The finest grids
aggravated the tendency to early jet wrap-around. However, coarse meshes cannot guarantee
robust and accurate results either. Finally, the medium grids constitute the least problematic

compromise between predictability and computational cost.

The examination of the medium grid wall jets gives indications about the reasons for in-
stability and inaccuracy. While the velocity profiles (Figure 3.14a) of the baseline case
(BSL) appear plausible, the associated eddy viscosity profiles u; (b) and blending function
values Fi (c) exhibit a volatile behaviour, especially close to the slot. For the SST case, these
fluctuations are even more pronounced already beginning at low blowing rates (C,, ~ 0.05).
The associated jet velocity profiles show a non-physical deformation in the zones between
the viscous sublayer and velocity peak (Figure 3.14a). In the these peak regions, the eddy
viscosity p; (b) exhibits lower values compared to the BSL case. The fluid obviously follows
the way of least resistance and forms the non-physical, tapered velocity profile. Interestingly,
at the downstream position © = 60deg the blending function F; (c¢) reduces from 1 (k-w)
to almost 0 (k-g) well before the zone of velocity peaks (y ~ 0.5mm). The change between
the k-w-model and the k-e-model inside the wall jet is assumed to have a significant impact
on the determination of turbulence values. Above all, the turbulence onset in the zone close

to the slot exit is supposed to be crucial for the downstream evolution of eddy viscosity.
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Figure 3.15: Lift coefficient increment (a) and wall jet separation angle (b) with turbulence model modi-
fications activated individually and in combination for the medium mesh size, h, = 0.5mm, o = Odeg
(modified from STADLBERGER/HORNUNG, 2015b)

I ,corrected

Figure 3.16: Baseline blending function F; (a), corrective function Fp (b) and corrected blending function
F corrected (€) in the upper slot region of the blown trailing edge

In particular, the original SST formulation is prone to reduce the eddy viscosity in these
regions such that the turbulent mixing along the Coanda surface is inhibited. In summary,
the original formulation of the blending function visibly favours the k-c-model inside the

wall jet and leads to deteriorated turbulence and velocity profiles.

Wall Jet Correction (WJC) For the subsequent numerical studies, the medium grid
size was chosen to assess the performance of the proposed turbulence model modifications.
By introducing the wall jet correction (WJC), jet-wrap-around can be delayed up to very
high blowing rates (C), ~ 0.5) and, despite a general underprediction, lift results compare
essentially well with experimental data (Figure 3.15). As described in subsection 3.4.5, this
modification of the blending function formulation aims to retain the use of the k-w-model
throughout the entire wall jet. Figure 3.16 depicts the upper fraction of the Coanda surface

close to the slot. In this example of a failed solution, the erroneous behaviour of the baseline
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Figure 3.17: Velocity (a), eddy viscosity (b) and blending function (c) of the wall jet with activated WJC, me-

7 =5, C, = 0.158, hy = 0.5mm, a = Odeg (modified from STADLBERGER/HORNUNG,

|

dium mesh size,
2015b)

function F; (Figure 3.16a) wrongly assigns fractions of the wall jet to the k-e-model. The
corrective function Fp identifies these regions (Figure 3.16b) and enforces the use of the
k-w-model inside the entire wall bounded jet (Figure 3.16¢). A more detailed wall jet exami-
nation reveals that, compared to the BSL model, the jet velocity peaks with activated WJC
attenuate visibly along the Coand& surface (Figure 3.17a). The modified blending function
F; triggers the k-w-model throughout the entire wall jet profile (Figure 3.17¢) and leads to
significantly higher eddy viscosity values in the mixing layer (y > 0.5mm) (Figure 3.17b).
This enhances momentum transport towards free stream and prevents the wall jet from

jet-wrap-around at higher blowing rates (C,, > 0.1).

SST Model Modification (SSTMod) The modification of the SST formulation (SST-
Mod) aims to deactivate its original turbulence limiting behaviour inside the wall jet regions.
But it also seeks to preserve its well established function in the remaining flow domain in-
cluding standard boundary layers under adverse pressure gradients. As can be seen in
Figure 3.18¢c, the marker function Fp identifies the wall jet zone and deactivates the SST
limiter in these regions as given by the term F, — Fp in Equation 3.41. The velocity pro-
files with modified SST formulation (SSTMod) exhibit an almost identical shape as the
baseline model (BSL). However, eddy viscosity values differ significantly and still retain a
volatile behaviour (Figure 3.18b). Note that WJC is not activated in this comparison and
jet-wrap-around still occurs at blowing rates of C,, > 0.2 (Figure 3.15).
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Figure 3.18: Velocity (a), eddy viscosity (b) and SST modification function (c) of the wall jet with modified
SST formulation for the medium mesh size, %je‘ =2,C, =0.025, h, = 0.5mm, a = 0deg (modified from

STADLBERGER/HORNUNG, 2015b)

Combined Activation Finally, the two modifications were activated simultaneously in
addition to Menter’s SST-model. This setting gave the most robust results up to the maxi-
mum of simulated blowing rates (C), ~ 0.63) (Figure 3.15) and has been applied for addi-
tional slot heights (Figure 3.19). The results of the presented RANS method were compared
with wind tunnel data and, additionally for h, = 0.3mm, with numerical results calculated
with the commercial solver Ansys CFX. Details on the latter can be found in BERNHARDT
(2015) whose simulations rely on a grid consisting of approximately 1.1 x 10° elements. Here,
a mesh block representing the geometry of the internal plenum is also part of the computa-
tional flow domain. Inside the CFX preprocessor, Menter’s original SST model was selected
for turbulence modelling. As can be seen in Figure 3.19, both solvers are able to predict the
generated lift quite accurately in the regime of low blowing rates (C, < 0.1). However, at
higher blowing conditions (C,, > 0.1), the numerical results deviate significantly from wind
tunnel measurements. The author’s method reveals more conservative and underestimates
the Coanda flap effectiveness. In contrast, the CFX solver overestimates the lift increase
even with activated curvature correction (RCC) (SPALART/SHUR, 1997). At least, RCC
could prevent the jet-wrap-around phenomenon up to blowing rates of C,, ~ 0.35. Further
calculations with solely the author’s method led to results for additional slot sizes as depicted
in Figure 3.19b. The predicted values agree quite well with experimental data for larger slot
sizes up to blowing rates of C, ~ 0.3. However, the reduced lift generation for the smallest
slot height could not be reproduced numerically. Again, for all slot sizes the results exhibit
a visible discrepancy at high blowing rates where jet-wrap-around could not be avoided for

the largest tested slot height. Note that wind tunnel data for active flow control aerofoils
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Figure 3.19: Lift generation of the Englar/Jones test case (ENGLAR ET AL., 2009) due to blowing for different
slot heights, calculated with the medium mesh size for the author’s RANS method, o = 0deg (modified
from STADLBERGER/HORNUNG (2015b) with data from BERNHARDT (2015))
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Figure 3.20: Lift coefficient increment (a) and wall jet separation angle (b) with turbulence model modifi-
cations WJC and SSTMod for different mesh sizes, h, = 0.5mm, a = Odeg

generally imply several uncertainties (subsection 2.2.8). Especially when high lift increments

are attained, the experimental C,- values tend to be underrated significantly.

Finally, the proposed turbulence model modifications were reinvestigated in terms of grid
size sensitivity (Figure 3.20). While the coarse grid resulted in generally higher lift values,
the medium and fine mesh sizes produced almost identical results up to C, = 0.3. However,
the fine grid promotes an earlier occurrence of jet-wrap-around when reaching excessive

blowing conditions (C,, > 0.3). Even though the destabilising effect of mesh refinement is
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still present, the onset of jet wrap-around could be delayed to very high jet outflow velocity

ratios (l{]’—o: > 7). For technically relevant applications in the field of flight control or high-

. U U
lift systems, #**-values are assumed not to exceed =
o oo

possible supersonic jet detachment (subsection 2.2.5) hardly allow values beyond [éj—o: > 6 at

< 4-6. The restrictions coming from

reasonable flight speeds. Considering the aforementioned uncertainties of the baseline wind
tunnel experiments and the reduced precision requirements during preliminary design stages,
the proposed RANS method was judged to be sufficiently accurate and robust to proceed to

sensitivity studies (subsection 5.1.3).

3.5 Modelling of the Finite Wing (3D)

The transfer of two-dimensional wing section data onto the finite wing by means of potential
flow was chosen to meet both requirements of sufficient accuracy and computational effi-
ciency. Linear methods as Prandtl’s Lifting Line Theory (PRANDTL, 1923) or the Vortex
Lattice Method (VLM) (FALKNER, 1952) give quick results for finite wing aerodynamics.
Accuracy is good if the aerofoil section can be expected to produce the theoretical lift force
of an inviscid flat plate (¢, = % = 2m) throughout the investigated range of angle of attack.
However, viscous effects leading to non-linear polars for lift and pitching moment are not
taken into account by the pure potential theory. On this topic, iterative approaches have
been developed to introduce real section data into the linear solution process of potential
flow. The objective was to model stall phenomena and low Reynolds number effects (S1v-
ELLS/NEELY, 1947; ANDERSON, J. D./CORDA, 1980). The modern adaptions of the lifting
line method use discrete horseshoe vortices and iteratively adjust the collocation point po-
sition. The section lift curve slope (¢, ) is thereby tuned such that it corresponds to viscous
aerofoil data and local angle of attack (PHILLIPS/SNYDER, 2000). However, the estimation
of the 3D force and moment reactions on a low aspect ratio wing additionally requires the
modelling of circulation strengths in the chordwise direction (Figure 3.21). A vortex lattice
more accurately accounts for cross flows due to low aspect ratios rather than one single
lifting line. Therefore, the vortex lattice method is more appropriate as theoretical basis for

the studied flying wing configuration.

The following subsections describe the “cambering” method which has been developed for
this study on the basis of ref. MUKHERJEE/ GOPALARATHNAM (2006). This approach iter-
atively introduces the non-linear section data into the solution of discrete horseshoe vortices.
Mukherjee and Gopalarathnam used the expression “Decambering Approach” as wing sec-
tions are virtually “decambered” when flow separations occur in the post-stall region. Inside
their method, the vortex lattice geometry is manipulated such that, for the final solution, the

calculated values of local lift force and pitching moment coefficients (¢, ¢, )por arve consistent
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Figure 3.21: Illustration of a vortex lattice for a Figure 3.22: Illustration of one horseshoe vortex
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2015a)

& =02

method 1) method 11)

Figure 3.23: Panel modification method I) from MUKHERJEE/GOPALARATHNAM (2006) and present method
IT) (modified from STADLBERGER/HORNUNG, 2015a)

with viscous section data (¢, ¢ )uise- After each iteration, the discrete vortices are rotated
around the leading edge and around a virtual flap hinge line to change the incidence and
camber of each wing section (Figure 3.23a). The rotation angles are determined by use of
linearised analytical expressions which are derived from the classical solution of the lifting
problem (KATz/PLOTKIN, 2001).

In the scope of the present research activities, a new method is sought to incorporate the
forces and moments generated by novel flight control technology, rather than a technique
to investigate the post-stall regime. For the following method, the expression “cambering”
approach was chosen. This comes from the fact that the aerofoil section is cambered through

positive deflection of a plain flap or through an aerodynamically equivalent flight control
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Chapter 3 Coanda Flap System Modelling

effector, e.g. a Coanda flap. The following subsections describe the method used to establish
a three-dimensional aerodynamic data set for a finite wing. The algorithm was implemented
in MATLAB and is linked with an object-oriented parametric wing model. So, it enables quick
results for arbitrary wing planforms including swept low aspect ratio wings. The subsequent
comparison of results from validating calculations with those from wind tunnel experiments
finally assesses the accuracy of the presented method. Most of this section’s content can also
be found in STADLBERGER/HORNUNG (2015a).

3.5.1 Governing Equations

In the vortex lattice theory, the lifting surface is divided into a discrete number of panels in
both chordwise and spanwise direction (Figure 3.21). In general, the wing aerodynamics are
modelled by a lattice of horseshoe vortices whose lateral filaments are placed on the panel
quarter-chord-lines. The two associated longitudinal filaments are aligned to the freestream
velocity and represent the wake sheet (Figure 3.22). The differential form of the Biot-Savart
law can be integrated to yield the induced velocity (737.) . in point C of one of these vortex
filaments j ranging from A to B

<7Fj)c 0 TaexTee [(?AB)T. < 7 ac 7 e )} (3.42)

4m ||7>AC X 7>BC\|2 ”7>ACH ||7BC”

where I'; is the vortex strength of the vortex filament j. Hence, the velocity <721"> in
C;

point C; induced by all N vortex filaments can be determined by

(7ZF> 3 (7“)@- + V. (3.43)

C.
K3 le

where 700 is the free stream velocity. Then a Neumann boundary condition is established
at all collocation points C; that forces the flow velocity to be aligned with the respective

panel surface, i.e. to be perpendicular to the normal vector ﬁcl It yields

<7Ep) e, =0 (3.44)
Ci

Note that the collocation points are located at the midpoint of the 3/4-chord line which
theoretically results in a lift curve slope of ¢;, = 27 for one panel in the two-dimensional
case. Finally, the solution of the emerging system of linear equations (SLE) enables the
determination of the vortex strengths I'; of each horseshoe vortex. The discrete forces ?Z

acting on the midpoints P of the lateral filaments AB can be calculated by use of the
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3.5 Modelling of the Finite Wing (3D)

Kutta-Joukowski theorem
?z’ =p- Fz . ((721’*)]) X ?AB) (345)

provided that 3D effects are negligible. The global (C, Cp, Cy, C,,, C,, C;) and local
section values (¢;, ¢4, ¢,,) of the force and moment coefficients are determined by integration

and decomposition into the respective directions.

3.5.2 Calculation Procedure

The basic idea of the cambering or decambering approach is to change the camber and
incidence of the vortex lattice such that the section lift force and pitching moment calculated
by potential theory corresponds to the viscous aerofoil data at the estimated local angle of
attack. The simplest practice is to introduce two angles ¢; and d, that model a simple flap (d2)
for pitching moment generation and change the incidence of the entire wing section (d;) for lift
force correction. Figure 3.23a illustrates a modified section according to the method used by
ref. MUKHERJEE/GOPALARATHNAM (2006). The vortices as well as the collocation points
and normal vectors are rotated (method I) around the respective pivot points. However, for
swept wings this method can induce non-physical lateral forces and moments if the virtual
hinge lines are not perpendicular to the free stream direction. Therefore, the present method
IT only tilts the normal vectors to obtain the necessary local change in lift and pitching
moment as depicted in Figure 3.23b. The details of the complete calculation procedure are
described in the following paragraphs while the iterative process is additionally illustrated

in Figure 3.24.

Initial calculations:

As a matter of principle, the following algorithm requires a correlation between the mo-
dification angles d1,d; and their impact on the 2D section aerodynamics (¢7),,,; ; (Cm)por-
Mukherjee and Gopalarathnam used two linearised analytical expressions to calculate the
two-dimensional reactions (Cl)pot = fanaiyticat (01, 62) and (Cm)pot = fanaiyticat (01,02). As can
be seen in Figure 3.25, the linearised analytical solutions of the lift (a) and pitching moment
(b) coefficient deviate significantly from the 2D discrete vortex solutions applying method 1.
Especially at high deflection angles of 95, discrepancy is high. In fact, the investigated fluidic
flight control concept promises very high lift increments leading to increasingly inaccurate
solutions at high values of d1,d5. The deviation is even higher when solely the normal vec-
tors are tilt as intended (method II). This proofs that the linearised approach is not valid

anymore when high modification angles have to be expected. Hence, the two-dimensional
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Figure 3.24: Flow chart of the cambering method calculation process (STADLBERGER/HORNUNG, 2015a)
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Figure 3.25: Comparison of lift (a) and pitching moment (b) coefficient for the different 2D panel modifica-
tion methods, as = Odeg, “"2<%2 = 0.8 (modified from STADLBERGER/HORNUNG, 2015a)

reactions of the 2D baseline section have to be calculated with discrete vortices and stored in
a look-up-table before the iteration process starts. This implies that the 2D panel problem
(Figure 3.23b) is solved for a fine grid of d;, do-values. This subfunction inside the calculation

tool is represented by faop paner and provides

((Cl)pot ; (Cm)pot> o f2D panet (01, 02) (3.46)

Note that the panel fractions along the chordwise direction of the complete finite wing lattice
as well as the respective virtual hinge line positions zh"Tg‘s? for 0 have to be identical to
the precalculated baseline 2D panel section of Equation 3.46. In addition, the global angle
of attack a., affects the discrete vortex solution with normal vector tilt. For that reason,
the look-up-table has to be precalculated at the same angle of attack as given by the flight
condition of the entire finite wing. In principle, these initial calculations for the 2D panel
section can be performed once before larger calculation campaigns are launched. Reloading
the stored 2D panel data, preferably directly from memory, at the beginning of the respective
operating point () might save computation time. Unfortunately, the modification angles
are constrained such that the matrix of the SLE becomes singular when a normal vector is

tilted by 90deg, i.e. d; + o = 90deg. However, in practice this limit has never been reached.
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Chapter 3 Coanda Flap System Modelling

Step @:

The initial processing of the unmodified vortex lattice follows the theory presented in the

previous section. Its first solution provides the force vectors FZ acting on each panel.

Step @:

These forces are integrated along each section to determine the local section lift and pitching

moment coefficients ((c1),,;, (¢m),,;) delivered by potential theory. The lift coefficient yields

! GZ) i (3.47)

quection L (€CP>k

(€)por = T—a -

where k£ denotes the panels contained in the processed wing section. T, 4 is the trans-
formation matrix from the global to the aerodynamic coordinate system, ¢ is the dynamic
pressure and Sgecion 1S the section area. Note that the discrete forces <?> have to be
corrected for sweep effects if the wing panels have a non-rectangular planform. kSince the lift
increment depends on the perpendicular distance from the collocation point C' to the lateral
vortex filament AB, it changes when the panel is swept. To enable the comparison with
the viscous section data, the forces are corrected by (ecp), according to the deviation from

perpendicularity. This correction factor is based on trigonometric relations and yields

) Pan Tre \
sor = \/1 - (H?ABH Wpcn) (3.48)

Further, the pitching moment coefficient yields

L (s )

(ecp)y,

(3.49)

(Cm)pot =

quection Csection k

where Cgeerion 18 the mid section chord length and AZ the distance from point P to the

reference point at the mid section quarter-chord point.

Step @:

Now, the calculated sectional coefficients can be used to estimate the local angle of at-

tack ay,. at each section. As the results of (Cl)po and (Cm)pot from the initial calculations

t
(Equation 3.46) are monotonic w.r.t. d; and do (if §; + d2 < 90deg), the local angle of attack
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3.5 Modelling of the Finite Wing (3D)

can be estimated easily by inverse interpolation inside the look-up-tables.

( >1k7 5;) = fQ_Dlpanel ((Cl)pot ) (Cm)pot> (350)
Moe = 0 + o — 077! (3.51)

Step @:

The viscous section data (¢;),,,. and (¢,)

the non-linear viscous data tables which had been obtained by CFD calculations, wind tunnel

vise vise 18 thereupon retrieved by interpolation inside

experiments or other methods

(CZ)UiSC = flvisc data (aloc) (352)
<Cm)UiSC = fmvisc data (alOC) (353)
Step ©:

Then, the vortex lattice is modified such that the local coefficients of the potential theory
solution correspond to the response of the viscous data set. For a high aspect ratio wing with
minor 3D effects, one would impose the condition (¢;),,, = (¢1) e a0 (Cn) oy = (G yise-
After inverse interpolation as already performed before, this leads to a new set of angles
o7, 0% for each section (Equation 3.50).

( 117 5;) = fQ_Dlpanel ((Cl)visc ) (Cm)m'sc) (354)

However, for low aspect ratio wings, the associated 3D effects due to flap deflections or
equivalent control moment generation induce a virtual additional camber rather than the
sole change of local angle of attack. Thus, the local pitching moment increases while the
local lift decreases compared to a high aspect ratio wing. This effect also manifests itself
in a discrepancy between 0; and 03 on the affected span fractions. When 3D effects are
negligible, these angles are usually expected to be approximately identical. To account for
possible difference, however, the input values of the inverse interpolation (Equation 3.54)

are corrected as follows

(5?7 63) = fQ_Dlpanel ((Cl)visc + (ACZ)COT‘T ) (Cm>visc + (Acm)corr) (355)
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where the corrections (A¢),,,.,  (Acm),,,, are estimated by
(A sorr = () por = (€) capected (3.56)
(Acm)oore = (m)por = (€m) capected (3.57)
with
<(Cz>wpected : (cmkxpeded) = fappanct (07, 057") (3.58)

This avoids an overestimation of the viscous section data used for the subsequent lattice
modification. The corrections thus enable the consideration of certain 3D effects for low
aspect ratio wings where not only the effective local angle of attack, but also the effective

camber of the wing sections is affected.

Step ® and @:

If the change in modification angles Ad; = |6 — 07|, compared to the previous iteration,
exceeds a certain tolerance (e.g. tol = 0.02deg), the vortex lattice is modified according to
the current angles 07, 5. For stability reasons, it is recommended to use underrelaxation
here ((O7 =v-6+ (1 —v)- 8" with e.g. v =0.8). Else, the results of the last VLM

i >applied
solution are postprocessed to obtain the detailed aerodynamic data.

Step ©:

The final postprocessing routine extracts the global force and moment coefficients including
coordinate system transformations as well as local parameters along span. Note that the
viscous drag retrieved from the viscous section data set ((¢q),ie = fduioaara (Qoc)) is added

to the induced drag component calculated by vortex lattice theory.

Compared to other methods based on potential theory, the applicability of the present
method is extended but still restricted. This method of virtual cambering accounts for
viscous effects in the subsonic regime that can be modelled in the two-dimensional case.
Thus, it is possible to represent zonal separations (e.g. at the wing tips on highly tapered
wings) near stall and even in the post-stall regime. Here, studies have shown that smoothing
along span of the retrieved viscous data can stabilise the calculation process. The non-linear
section data usually does not exhibit a monotonic behaviour (sink) after stall and therefore
produces wiggles in the spanwise distributions due to hysteresis effects. However, highly

three-dimensional viscous phenomena like non-linear vortex lift on swept wings cannot be
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RM-L51A26 SAGITTA

vertical stabilisers
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RM-L51A26 SAGITTA

planform delta diamond
aspect ratio, AR 2.31 2.0
sweep (LE), po% 60deg bbdeg
taper ratio, A 0 ~0
aerofoil NACA 65010 NACA 64A012
Re (M.A.C.) 6.0 x 10° 2.2 x 108
flap span fraction 0.25 0.15
reference point, z,.r  0.417 - o0t 0.25 - cprac

Figure 3.26: Planforms and specifications of conventional flap validation test cases RM-L51A26
(Hawes/MAay Jr, RarLpH W, 1951) and SAGITTA (HOVELMANN ET AL., 2014) (modified from
STADLBERGER/HORNUNG, 2015a)

modelled easily by potential theory. Hence, the present method for subsonic flow is restric-
ted to geometries and angles of attack that are not prone to leading edge separation with

associated generation of a stable vortex system.

3.5.3 Validation

The presented calculation method is validated by comparing calculated results with available
wind tunnel data from two subsonic test cases. Both low aspect ratio wings are equipped
with conventional plain flaps and feature high sweep angles as well as low taper ratios. The
first case comprises a large-scale delta wing having a leading edge sweep angle of 60deg and
an aspect ratio of 2.31 (HAWEs/MAY JR, RALPH W, 1951). The SAGITTA diamond wing
depicts the second test case having a leading edge sweep angle of 55deg and an aspect ratio
of 2.0 (HOVELMANN/BREITSAMTER, 2012; HOVELMANN ET AL., 2014). A summary of

further specifications is given in Figure 3.26.

An initial discretisation study on the SAGITTA model revealed that chordwise panel num-

bers beyond N, > 5 do not lead to further significant changes in the aerodynamic reactions.
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Figure 3.28: Relative change in aerodynamic re-
actions as a function of the relative hinge line
position of d5, N, = 10, Ny, = 30

Figure 3.27: Relative change in aerodynamic re-
actions as a function of spanwise panel number

As can be seen in Figure 3.27, the respective lines of N, = 5 and N, = 15 nearly coincide.
However, the forces and moments change visibly with the spanwise number of panels, espe-
cially below N, < 20. As expected, the deviations from reference values (N, = 100) decrease
asymptotically with increasing panel numbers. Furthermore, the influence of the relative
hinge line position of J, in chordwise direction was investigated. As depicted in Figure 3.28,
the results change inside the range of about +4% when the hinge position is varied between
0.7 < mh"Tg‘SQ < 0.9. The reference position is Ih"%‘b = (0.8. Note that drag was affected

most in both sensitivity studies.

For the subsequent validating calculations, each half span of both vortex lattices was mo-
delled by 20 panels in spanwise direction and 10 panels in chordwise direction. The non-linear
viscous 2D data of the respective baseline aerofoils were calculated by XFOIL (DRELA, 1989).
The lift, drag and pitching moment increments due to flap deflection on a two-dimensional
section were estimated by a semi-empirical DATCOM method from ref. FINK (1978). For
both cases, the iterative calculation process converged after about 10 iterations (RM-L51A26:
9-10 iterations, SAGITTA: 5-9 iterations). As can be seen in Figure 3.29a, lift increments
could be predicted quite accurately up to flap deflection angles of n = 20deg. Beyond, the
numerical results underestimate the lift generation. This is due to the semi-empirical method
(FINK, 1978) used for the modelling of two-dimensional flap effectiveness. Trailing edge se-
parations at higher flap deflections seem to occur far later in the wind tunnel experiments
than in the semi-empirical model. Induced drag prediction also exhibits acceptable accuracy
(Figure 3.29b). Note that for comparison reasons a drag increment ACp, was added to the
numerical drag results of the RM-L51A26 case as zero lift drag was underestimated signifi-
cantly. In contrast, the zero lift drag for the SAGITTA case could be reproduced very well.
Moreover, the pitching moment curves show fairly good agreement between calculated and

experimental results (Figure 3.29¢). However, similar to the lift curves, the semi-empirical
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Figure 3.29: Comparison of numerical results with experimental data for conventional flaps, a. = 0deg,
Boo = 0deg (modified from STADLBERGER/HORNUNG, 2015a)

underestimation of flap effectiveness is also present for pitching moment beyond n = 20deg.
While the roll moment curves show acceptable agreement for the RM-L51A26 case, the
SAGITTA curves deviate strongly beginning at 7 = 10deg (Figure 3.29d). Note that the
flap reactions of the SAGITTA wing were measured with mounted vertical stabilisers right
next to the flap (Figure 3.26). The discrepancy could be due to interactions that affect the

spanwise lift distribution and thus influence the resulting roll moment.

3.6 Overall Modelling of the Flight Dynamic System

To combine all previously presented submodels to an overall system model, their input and
output data have to be connected inside a simulation environment. For this, a 6-DOF flight
dynamic model of the SAGITTA configuration has been established in MATLAB/SIMULINK

(R2015b). It allows the investigation of trimmed flight states as well as the real-time simula-
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Figure 3.30: Main blocks and signal flows inside the SIMULINK model

Table 3.6: Main specifications of the SAGITTA wind tunnel model and test conditions

tested Reynolds number ~ 1700000

free stream velocity 407>
measured angles of attack —18deg < a < 18deg
measured sideslip angles —1ddeg < By < 14deg
wing span 1Im

fuselage length 1im

wing reference area 0.53m?

aspect ratio 2.1

mean aerodynamic chord 0.67m

outer wing aerofoil NACA 64A012
wing relative section thickness 0.12

tion of flight dynamics. As depicted in Figure 3.30, the aerodynamic data module (ADM) of
the clean configuration and the Coanda flap model constitute the main external inputs. The
6-DOF model itself is straightforward and by default available as template in the aerospace
toolbox of MATHWORKS. The ADM contains the results of wind tunnel experiments that
have been performed on a scaled model (HOVELMANN /BREITSAMTER, 2012). Its main spe-
cifications and test conditions are listed in Table 3.6. Note that the zero lift drag has been

adapted for the full scale configuration where Reynolds numbers are significantly higher.

The two-dimensional force and moment increments generated by the Coanda flap are cal-
culated in advance and stored in look-up tables according to the method described in

section 3.4. For performance reasons, computationally expensive iterations at simulation
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runtime should be avoided. This is especially relevant for the engine-duct linkage. Therefore,
precedent matching of pressure ratios % and control parameters (Agos = f(Piotar)) 18 neCes-
sary to estimate the bleed and outflow conditions for different altitudes, flight velocities and
thrust settings. Here, the system operating line ((Q*, 1Mpiced, %) = f(Asiots, H, Maoo, Finreq))
for constant engine thrust Fy ., dependent on the outflow area (Agots = f(htotar)) is inter-
polated by matching two data sets for each flight state (H, Mas, Fnreq). As given by the

number of dimensions, this corresponds to an intersection of two surfaces, i.e.

HBP = fengine (mbleeda Q*)Tr'eq N mbleed = fduct (HBP7 Aslots) (359)

The resulting outflow velocity is introduced into the 3D Coanda flap modelling process
(section 3.5) which then provides data tables containing the six force and moment increments

for all input parameters.
(ACDa ACy, ACL; AC[, ACma ACn) = fCoanda system (nha Aslots> H, Maoo, FN,Teq) (360)

Finally, a SIMULINK block representing the Coanda flap model is constructed and integrated
into the flight dynamic aircraft model. Trimmed flight states can now be found by the
automated trim function (e.g. fmincon) that solves an optimisation problem. The latter
implies the search of feasible input and state variables by use of the gradient descent method
with elimination. Starting at trimmed flight states, various dynamic manoeuvres (e.g. roll,

pull-up, etc.) can be simulated and analysed as will be shown in chapter 5.

The combination of the previously presented methods implies several assumptions for the

overall model:

e Compressibility of the air is neglected for external aerofoil flow, i.e. no corrections
(e.g. Prandtl-Glauert) are applied on control force and moment increments. On the
one hand, this depicts a conservative approach as lift and moment increments tend
to increase with the free stream Mach number up to M, = 1. On the other hand,
possible penalties through shock waves on the upper side due to the transonic flight
regime are not taken into account.

e The risk of supersonic Coanda jet detachment is neglected, i.e. under-expanded jets can
accelerate on the Coanda surface up to their theoretic velocity Maje; > 1. This expan-

sion is assumed to be isentropic without any compressible flow phenomena as shocks

Ujet
Uso

incompressible Coanda aerofoil data set. As already mentioned in subsection 2.2.5,

or expansion waves. The resulting velocity ratio is used for the evaluation of the

supersonic Coanda jets risk to detach prematurely which entails a sudden loss in cir-

culation control effectiveness. Therefore, results at high transonic flight velocities have
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to be regarded with caution when jet Mach numbers have to exceed Maj, > 1.2 to
generate sufficient control forces.

The control force and moment increments (ACp, ACy, ACL, AC,, AC,,, AC,, ) are as-
sumed to be independent from angle of attack o and sideslip 5. For the sensitivity to «,
this assumption is true up to angles of attack of @« = 10deg as shown in subsection 2.2.4.
But even if trailing edge blowing can expand the possible a-range ((q.) significantly
up to higher incidences, Coanda flap effectiveness reduces at higher a-values. Lead-
ing edge separation still cannot be prevented at extreme angles of attack. The highly
increased circulation strength through blowing might lead to premature leading edge
stall if the aerofoil nose radius is too sharp.

Penalties coming from a possible embedded design of the propulsion system are neg-
lected. The propulsion system is modelled by uninstalled engine characteristics without

any consideration of possible viscous effects inside inlets or nozzles.



4 Test Case: SAGITTA

The previously presented methods are to be applied on a flying wing configuration named
SAGITTA. To give an overview of this test case, the following sections describe its design
mission and performance requirements as well as the most important characteristics of the
studied flying-wing configuration. The final two sections seek to define both the conven-
tional reference and the studied novel Coanda flap layout. The results of the comparative

performance assessment will be given in the subsequent chapter.

4.1 Design Mission and Platform Requirements

The design mission scales the platform size as it determines the required fuel mass to reach
the prescribed range or loiter time. In the scope of SAGITTA, the scenario stipulates aerial
refuelling as imperative functionality of future stealth UAS. Therefore, the actual drivers for
sizing are defined by the mission segments between refuelling as illustrated in Figure 4.1.
Here, the two alternatives of low altitude dash flight (I) and high altitude loiter (II) are two
sizing examples inside the large collection of possible scenarios. A conventional transfer flight
of 1700nm implying fuel reserves for loiter (30min) additionally defines the performance

requirements given in Table 4.1.

4.2 SAGITTA Configuration

The main specifications of the studied SAGITTA configuration are given in Table 4.2 while
Figure 4.2 contains the associated 3-view. This unmanned aerial system (UAS) is inten-
ded to carry approximately 3to of payload with transonic speeds up to Ma, = 0.8. It
is explicitly designed for low observability demands where all edges are oriented towards
two predominant directions. In addition, all vertical surfaces, as stabilisers, are omitted
to reduce the radar cross section. This inevitably leads to the necessity of artificial lateral
stabilisation through the flight control system. This holds even though highly swept wings
naturally exhibit increased weathercock stability. Not only for this reason, the SAGITTA

configuration imposes challenging requirements on the intended fluidic flight control system
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Figure 4.1: Illustration of the SAGITTA design mission

Table 4.1: Requirements imposed on the SAGITTA configuration

Performance requirements

min. range (no refuel)

radius of action (1000t — 15000 )
low level max dash speed (3000 ft)
max. take-off field length

max. landing distance

sustained turn performance (STR)
climb performance

Life cycle requirements

max. temperature

service life

average mission duration

expected cycles (T/O & landing)

max. manoeuvre g-load

1700nm
500nm — 700nm
Ma0.9
2400m
1500m
3g@Q Ma0.7, 3000m
15m/s@ MTOW, SL

ISA+35QSL
5000h (40 years)
10h
1000
+4.5¢g

loiter of 5h



>
»

wer

<
<«

-« 1im

= @ =

4.2 SAGITTA Configuration
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Figure 4.2: 3-view of the SAGITTA configuration

Table 4.2: Main specifications of the SAGITTA configuration

maximum take-off weight (MTOW)
wing span

(fuselage) length

height

wing reference area

aspect ratio

mean aerodynamic chord

wing relative section thickness
wing loading (T/O)
thrust-to-weight-ratio (T/O)

moments of inertia

myrow

b

lajc

hajc

Sl

AR

C

t/c

m/Sres

Fyx/m
Iy

vy

[ZZ

|

16.7to
11.8m
11.2m
2.3m
66.0m?
2.1
7.45m
0.125
260 kg/m2
0.34
3,1
7.6 | x 10*kgm?
10,6
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(STADLBERGER/HORNUNG, 2012). As the characteristic wing and the envisaged propul-
sion system mainly determine the performance of the studied Coanda flap system, they are

addressed in more detail in the following subsections.

4.2.1 Flying Wing

The flying wing configuration is characterised by a diamond planform featuring a low aspect
ratio (AR = 2.1) and a moderate leading edge sweep angle (po%, = 55deg). In general,
the relatively low wing loading promises a considerable potential for high control authority.
Aerodynamic forces are high compared to the aircraft’s inertia. However, the low aspect

ratio provides only short moment arms which diminish this advantage.

While the root sections feature sharp leading edges for radar signature reasons, the outer
wing sections are based on the NACAG64A aerofoil series whose round nose shape alleviates
induced drag penalties. Since the wing also has to perform adequately during upside-down
flight, the aerofoil camber line is restricted to only slight S-shapes (reflexed trailing edge).
Therefore, flight control devices (conventional /novel flap systems, thrust vectoring) have to
be employed to attain zero pitching moment for trimmed flight. The more asymmetric the

aerofoil shape, the more the flight control system is challenged during inverted flight.

4.2.2 Propulsion System

The propulsion system consists of two embedded jet engines with serpent duct intakes and
shielded nozzle sections. The twin engine configuration increases redundancy and enables
one single central payload bay which avoids a lateral shift in c.g. position. The transonic
flight regime (Ma,, < 0.85) suggests the installation of a turbofan engine with increased
bypass ratio promising high efficiency (low SFC) and extended range. In addition, lower
exit temperatures and low exit speeds are favourable in terms of infra-red (IR) and noise
signature. This additionally contributes to the low observable aircraft design. However, the
available space for the two engines is limited by the low section thickness in the wing root
zone. Due to this engine diameter constraint, only low bypass ratios can be realised for the
present flying wing configuration. An appropriate engine (model AI-222-28) of suitable size
was developed by IVCHENKO-PROGRESS since 1999 which had its first run in 2003. For this
study, a slightly modified numerical representation in form of a generic engine was modelled

in GasTurb (section 3.2) whose specifications are given in Table 4.3.
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Table 4.3: Specifications of generic engine

Geometry

LPC number of stages 3
fan area Afan 0.317m?
bypass area App 0.104 m?
HPC number of stages 5
HPT number of stages 1
LPT number of stages 1
maximum diameter Dengine 0.88m

Parameters at design point (ISAOm, Ma., = 0)

thrust (ISAOm) (FN)jsa0 26.25kEN
bypass ratio % 1.5

air mass flow mmgi;e 50.2 k9/s
fan pressure ratio IIgp 2.16
HPC pressure ratio Ilypco 14.7
turbine inlet temperature T4 1600 K
nominal spool speed HP Qup 22800 rpm
nominal spool speed LP Qrp 14 600 rpm
specific fuel consumption SEC 17.849/kNs

4.3 Conventional Reference Flap Layout

For the subsequent assessment of the studied Coanda flap system, a conventional flap scheme
(Figure 4.3, top) serves as reference. These conventional flaps have also been implemented
on the SAGITTA wind tunnel model for testing (Figure 4.4). They include inboard and
midboard elevons for pitch and roll control as well as tip split flaps to assure yaw control.
Under the assumption of a symmetric aerofoil, the flap geometry of the inboard plain flaps
have been sized such that their necessary exclusive deflection for longitudinal trim at a =
10deg does not exceed Ninpaora < 20deg. The midboard plain flaps and tip split flaps compete
for available space along span. Their final spanwise extension constitutes a compromise to

attain sufficient roll and yaw authority for steady sideslip flight at 5 = 10deg .

4.4 Novel Coanda Flap Layout

As fundamental part of the novel flight control concept, the midboard elevon is replaced
by flow control effectors including the necessary ducts that originate at the engine’s bypass

(Figure 4.3, bottom). The conventional inboard plain flaps are designed as a moving but
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nozze tip split flaps (for yaw contol)

tanks midboard plain flap (elevon, mainly

for roll contol)
payload bay

inboard plain flap (elevon, mainly
intake for pitch contol)

"""""" CONVENTIONAL FLAP LAYOUT
______________ NovEL COANDA FLAP LAYOUT

morphing or gap covered flap
(for longitudinal trim)

Coanda flap (for roll, pitch and yaw contol)

tip split flap (for yaw contol during landing)

Figure 4.3: Illustration of the conventional reference flap scheme (top) and Coanda flap flight control concept
(bottom) (modified from STADLBERGER/HORNUNG, 2014, 2015a)

Figure 4.4: SAGITTA wind tunnel model with conventional plain flaps and two different types of tip split
flaps (left: abandoned concept, right: investigated vortex flap concept)

gapless solution (e.g. DA ROCHA-SCHMIDT/BAIER (2013); GRAMULLER ET AL. (2014)).
Since the inboard elevon flap performs better for pitch control than for roll or yaw moment
generation, the technology of flexible gap covers or morphing structures appears applicable
for longitudinal trim. Slow-moving systems are acceptable here. Highly dynamic manoeuvres
in pitch, roll and yaw are performed by the midboard Coanda flap. The vortex split flap on
the “dirty” side (with all other openings) is retained to assure sufficient safety margins for
yaw control under conditions of high sideslip angles (e.g. crosswind landing). It is assumed

not to affect the cruise flight radar cross section excessively when it is completely closed.
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The previously presented SAGITTA configuration serves as test case for the application
of the modelling methods that are described in chapter 3. By discussing the results for
the isolated subsystems, this chapter gives insight into their respective performance and
sensitivities. The latter thereby enable the deduction of preliminary design rules. The
evaluation of the overall system in terms of feasibility and efficiency requires studies on the
control authority as well as on the fuel consumption of the complete Coanda flap system.

For this, the conventional plain flaps build the reference case.

5.1 Preliminary Results for the Isolated Subsystems

In accordance to the definition of relevant submodels (chapter 3), the following subsections
discuss the intermediate results for the engines, ducts, Coanda aerofoil sections and finite

wing.

5.1.1 Intermediate Results of Engine Modelling

This subsection investigates the impact of bypass bleed on the performance of the studied
propulsion system (Table 4.3). The three stages of the low pressure compressor (LPC)
charge the bypass air to pressure ratios Illgp = z% of 1.3 up to 4. This pressurised air
can be exploited for circulation control concepts that are based on trailing edge blowing.
For standard conditions (ISA H = Om, Ma = 0), Figure 5.1a illustrates the reduction in
total pressure inside the bypass duct for different relative high pressure (HP) spool speeds
Qyp = #fﬂm when bypass air is bled off after the LPC. The engine net thrust decreases

due to reduced nozzle mass flow and loss of total pressure. The latter can be traced back to

the characteristics of the LPC compressor responding to the increased bypass mass flow.

To evaluate the impact of bypass bleed on the thermodynamic cycle, the thrust force is
related to the fuel consumption 1, yielding the specific thrust mF—N The solid lines in

Figure 5.1b represent the specific thrust based on solely the thrust force produced by the

engine nozzle. As expected, under bleed conditions, specific thrust diminishes rapidly with
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Figure 5.1: Bypass pressure ratio (a), specific thrust (b) and isentropic efficiencies (¢, d) as a function of
bypass bleed at standard conditions (H = Om, Ma = 0)
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decreasing available nozzle thrust force. However, in the scope of the studied Coanda flap
concept, the bled air is not completely lost and still can produce a contributing thrust force
when ejected at the trailing edge. Assuming an ideally adapted nozzle for the bleed air
and an isentropic expansion of the ideal gas without any viscous losses, an imaginary total
thrust force Figeat = FNengine + FN piced isentropic Can be derived by use of the isentropic
flow equations (section C in the appendix). For this calculation, the total pressure and the
total temperature of the bypass air are taken from the output of the GasTurb simulation.
The associated specific ideal thrust is represented by the dotted lines in Figure 5.1b. Up to
regions of moderate bleed fractions (% < 0.3), the specific ideal thrust remains constant

or even grows for low off-design spool speeds (25,5, < 0.9).

Despite the declining mixing efficiency of the remaining cold bypass and hot core engine flow
(FAROKHI, 2009, p. 294ff), bypass bleed seems to have a favourable impact on the engine
overall efficiency. The reasons can primarily be found in the new operating points of the
most critical subcomponents. For standard conditions (H = 0m, Ma = 0), Figure 5.2
and Figure 5.3 depict the compressor (a) and turbine (b) maps of the HP and LP spool,
respectively. The coloured solid lines represent the operating lines, i.e. the component’s
pressure ratio Il as a function of corrected mass flow ... While the operating points
in the HP compressor and turbine maps are affected only slightly (Figure 5.2), the impact
on the LP spool is more pronounced (Figure 5.3). Increased LPC mass flow and LP spool
speeds in the off-design regime shift the operating points to higher adiabatic efficiencies
both in the LPC turbine and compressor maps. However, close to the design points, bypass
bleed leads to a cutback in adiabatic efficiency. These trends can be seen additionally in
Figure 5.1c and Figure 5.1d which illustrate the isentropic efficiencies of the HP (¢) and LP
(d) spool. Above all the gain in LP turbine efficiency improves the overall engine efficiency
under the assumption of ideal bleed air exploitation. In reality, significant reductions have
to be expected because of viscous effects at the bleed air separator, inside the duct system,

and inside the plenum chamber at the wing trailing edge.

During operation, the thrust loss due to bypass bleed will have to be partially compensated
by higher throttle settings. Figure 5.4a shows the relative HP spool speed €17, as a function
of bleed air fraction that is necessary to maintain the required thrust at three different
flight states. Under the assumption of zero thrust recovery from bleed air (100% lost), the
throttle setting has to be increased more than linearly. The higher rotational speed of the
compressors counterbalances the nominal decline in total pressure seen in Figure 5.1a. In
reality, the engine speed is naturally limited due to mechanical constraints (bearings, static
strength, fatigue, etc.). Thus, there is a maximum feasible bleed fraction that reduces with
increasing thrust demand. As the generated thrust is approximately proportional to the total
pressure ratio inside the engine nozzle, the settled bypass pressure ratio on the operation

line does not vary dramatically (Figure 5.4b).
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Figure 5.2: High pressure compressor (a) and turbine (b) map with operating lines for different bleed
fractions at standard conditions (H = 0m, Ma = 0)
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Figure 5.4: Relative HP spool speed (a) and bypass pressure ratio (b) as a function of bypass bleed fraction

5.1.2 Intermediate Results of Duct Modelling
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Figure 5.5: Illustration of studied duct system

The method proposed in section 3.3 is applied on the SAGITTA duct geometry. The pipe

system is designed to fit inside the wing loft respecting the space demands of other subsystems

(e.g. tanks). By definition, it connects the engine bypass with the Coanda flap at the trailing

edge. Each half span is supplied by only one engine, i.e. no redundancy through cross-feed

was postulated in the scope of this work. The studied duct shape, including the different

pipe segments [-V, is illustrated and dimensioned in Figure 5.5. The nominal diameter
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Diyom = Dyr—y of the majority of the pipe length (II-V) was specified such that the duct
cross section area corresponds to 25% of the engine bypass duct area. This fraction was
chosen somehow arbitrarily and was supposed to lead to reasonable dimensions that can
be translated into a realisable design of the bleed air separator device. The viscous losses
inside this device are modelled by a simple linear relation (p;;, ~ (1— 006(m:l”+d)dm) -Dt.BP)-
Hence, the bleed off process is assumed to produce pressure losses of about 6% at the highest
observed mass flow rate. Similar values have been measured by BARBERIE ET AL. (2013)

and WICK ET AL. (2013).

In contrast to an isentropic flow (subsection 3.3.3), the total pressure of the real bleed air
flow decreases continuously along its way through the duct system. These pressure losses of
the given geometry (Figure 5.5) are illustrated in Figure 5.6d along the pipe’s centreline ().
The impact of the different pipe segments (I-VI) is clearly visible. In particular, the pipe
bends lead to increased equivalent friction factors which are more than doubled compared to
straight pipe sections (Figure 5.6b). As the pressure loss is mainly a function of flow velocity
(Figure 5.6f), the most significant drop in total pressure can be seen in the most aft sections
at the converging nozzle (VI). The flow parameter evolutions of static pressure (Figure 5.6¢),
static temperature (Figure 5.6e) and air density (Figure 5.6g) additionally illustrate the fact
that the flow accelerates mainly along the final metre. In general, the pressure losses are
fairly low (~ 2%) for the tested equivalent slot diameter ratio of % ~ 0.5. Low mass
flow rates and velocities over large parts of the total duct length lead to/ only minor viscous

losses.

The present Coanda flap concept comprises the individual and independent adjustment of
the slot heights, i.e. of the outflow section area Ag,. Under the assumption of isentropic
flow, the outlet section area solely determines the mass flow while the outflow velocity is
given by the pressure ratio IIgp. In the viscous representation, however, the reduction of
total pressure at the slot exit also implies a reduction of outflow velocity and mass flow
which, in turn, influences the viscous pressure losses. Figure 5.7a shows the relative pressure

% at the slot exit as a function of input pressure ratio Ilgp for different outflow

area ratios fﬂ.
out

ratio
In the subcritical region (Ilgp < 1.9), the pressure losses increase for
higher flow velocities, i.e. growing mass flows. These are due to, either an increased bypass
pressure ratio, or an increased outflow cross section area. However, under choked conditions
the flow velocity inside the duct remains approximately constant with increasing pressure
ratio. Consequently, the pressure losses change insignificantly once Ma = 1 is reached at
the outlet. With growing static pressure and air density throughout the entire duct, the
local Reynolds numbers rise (Figure 5.6h) and lead to slightly reduced friction factors Ay,
(Figure 5.6b). For processing speed reasons, it is therefore convenient to freeze the pressure

DPt,outlet

loss ratio at the value of critical slot conditions (Mag,; = 1). In Figure 5.7a this

t,inlet

approximation is illustrated by the respective dotted lines. With this, the remaining flow
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Figure 5.7: Relative pressure ratio (a) and relative momentum flux (b) at slot exit w.r.t. duct entrance
values for different slot outlet areas

parameters can be simply calculated by use of the isentropic flow equations without the
necessity of iterations. In general, the magnitude of total pressure losses (1% — 10%) seems
to have reasonable values that were also found in wind tunnel tests on an optimised duct
system for a similar application (WICK ET AL., 2013).

Figure 5.7b depicts the dependency of the relative outflow momentum flux % on the
inlet pressure ratio. The already introduced blowing momentum coefficient C), (section 2.2)
directly depends on the jet momentum flux and determines Coanda flap effectiveness. As
can be seen, the relative losses in jet momentum are most severe for low pressure rates but
alleviate for higher pressure ratios and virtually stagnate under choked conditions. Note
that in case of choked flow, the outflow momentum flux (7iv-u), is calculated with the
outflow velocity ug,; of the completely expanded jet. The expansion is assumed to follow
isentropic rules. This simplification no longer holds for higher pressure ratios when significant
compressible effects (shocks etc.) have to be expected. In summary, jet momentum losses up
to approx. 20% (for maximum slot opening) have to be expected in view of relevant pressure

ratios provided by the engine bypass flow.

As already mentioned before, the nominal duct diameter D,,,, = D;_y is set to the value
which corresponds to the maximum feasible fraction of bypass cross section area. The em-
pirical relations demand maximum diameters for minimum pressure losses (Equation 3.16).
This correlation is illustrated in Figure 5.8a where the relative outlet pressure ratio %
decreases with decreasing diameter D;;_y. Note that the impact of the nominal diameter

reduces under choked conditions as flow velocities increase only slightly with further in-
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Figure 5.8: Relative pressure ratio (a) and relative momentum flux (b) at slot exit w.r.t. duct entrance
values for different diameter sizes of the nominal duct pipe, D,y = 0.185m

creasing pressure ratio. While the loss in total pressure yields approx. 10% for a diameter
reduction of 50%, the loss in jet momentum is dramatically higher (approx. 80%) as can
be seen in Figure 5.8b. The curves underline the necessity to choose the duct diameters as
large as possible. Moreover, pipe bend angles and diverging segments should be reduced to
a minimum. Of course, these measures are constrained by available space and duct system

mass limitations.

5.1.3 Intermediate Results of Coanda Aerofoil Modelling

The method for 2D Coanda aerofoil modelling presented in section 3.4 is now applied on the
NACA 64A012CC aerofoil whose geometry data are given in Figure 5.9. Most of the results
and discussions on this test case can also be found in STADLBERGER/ HORNUNG (2015b). For
the symmetric contour of the Coanda surface, a conventional circular shape has been chosen
even though elliptic trailing edges revealed more suitable for transonic flight (section 2.2).
The reason for this choice is mainly due to the fact that the incompressible RANS modelling
represents only subsonic speeds and does not account for possible compressible effects on
the aerofoil surface (subsection 2.2.6) or inside the wall jet (subsection 2.2.5). Thus, for
the investigation of the full control force potential in the incompressible low speed regime,
the circular trailing edge is more representative (subsection 2.2.1). For transonic flight, the
resulting aerofoil polar data constitute an optimistic model in terms of control effectiveness

but a conservative model in terms of drag. So, in the compressibility dominated flow regime,
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Figure 5.9: Geometry of the studied NACA 64A012 circulation control aerofoil and used grid topology
(STADLBERGER/HORNUNG, 2015b)

the final results have to be taken with caution when further processed in the subsequent

feasibility study (section 5.2).

During this calculation campaign, the used grid had a total longitudinal point number of
about 350 around the entire surface with approximately 70 to 100 of these points concentrated
on the Coanda trailing edge. The grid sections covering the wall jets had approximately 90
points in the normal direction to the Coanda surface giving a total grid point number of
about 70000 for each of the investigated meshes. The calculations were performed on the
same machines as specified in subsection 3.4.6. One iteration took between 4s and 6s where

a converged lift coefficient was attained after an average number of 60 iterations. Parameter
Uje
T
the angle of attack o have been investigated during the completely automated calculation

variations of the Coanda radius r, the slot heights (hy, k), the blowing velocity , and
campaign. The 18 quad-core desktop machines enabled a total number of 72 simultaneous
simulations. Finally, the results of 30 000 calculated data points are available for performance
analysis. In contrast to the previous validation case (subsection 3.4.6), the concept of the
present circulation control aerofoil features both an upper and lower slot. This double-
slotted Coanda aerofoil design thereby enables control moment reactions in both senses.
The following paragraphs, however, discuss only one operating direction of the symmetric

baseline aerofoil.

Note that the aerodynamic forces and moments acting on the aerofoil have been determined
by integration of pressure and shear stress forces along the outer aerofoil skin (Figure 5.10).
Therefore, the aerodynamic coefficients do not include the thrust force which is generated
through the jet momentum flux passing the control volume at the slots. This is especially
important for the interpretation of the drag coefficient curves. Furthermore, the aerodynamic
coefficients are generally based on the Coanda aerofoil chord length ¢coanda (and not on the

baseline chord length cpgse)-
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Figure 5.10: Illustration of control volume used for the calculation of aerodynamic forces and moments
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Figure 5.11: Lift (a) and pitching moment (b) due to blowing through upper slot over jet velocity ratio
(nn, = 1) (modified from STADLBERGER/HORNUNG, 2015b)

Maximum Effectiveness (1, = 1) For the present concept, maximum control effective-
ness is expected to be attained through single-slot-blowing (1, = 1), i.e. the lower slot is
closed and only the upper slot height is varied. Figure 5.11 shows the evolutions of lift (a)
and pitching moment (b) generation for a constant Coanda radius (-*— = 0.02) and diffe-
rent upper slot heights h,. The growing slot outflow velocity Uj.; represents an increasing
plenum pressure ratio. As can be seen, the jet velocity must exceed the free stream velocity
Us to produce significant lift and pitching moment increments. For larger Coanda radii,
even slightly negative lift has been simulated with jet velocity ratios of l{j—z = 1. But exceed-
Ujet

ing 7= > 1, effectiveness grows with jet outflow velocity in an approximately linear manner.

Moreover, the curve slopes become steeper with increasing slot height, i.e. increasing outflow
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Figure 5.12: Lift due to blowing through upper slot for different slot heights and Coanda radii (a) and
momentum flux coefficient (b) (1, = 1) (modified from STADLBERGER/HORNUNG, 2015b)

momentum. However, the attainable curve slope seems to be limited even if the slot height is
further increased. The regression lines in Figure 5.12a confirm this behaviour for a variety of
Coanda radii. Further opening of the slot might not lead to the desired gain of lift when the
slot size has already exceeded reasonable margins. Assuming that the wall jet detachment
angle O, defines the (imaginary) rear stagnation point and thus lift, the momentum trans-
port from the wall jet velocity peak into the viscous sublayer becomes crucial (section 2.1).
Whereas increased jet velocities are favourable in this context, the sole increase of wall jet
thickness (i.e. slot height) does not contribute to a desired delay of jet separation. Extending
the velocity excess too far away from the Coanda surface has only little effect on the favour-
able turbulent processes close to the wall. So, lower slot heights exhibit higher lift forces
for a given value of momentum flux (C),) which goes in line with wind tunnel measurements
(subsection 2.2.3). To this, Figure 5.12b depicts the lift production dependent on the out-
flow momentum flux coefficient C, and confirms the advantages of small slot heights. These
are most visible in the separation control regime (section 2.2) when the trailing edge radius
is kept constant. However, the integral outflow momentum becomes more important when
longer distances (Az = Oj,,r) have to be covered by the wall jet to reach the same angle of
separation O.,. With increasing Coanda radius, thicker wall jets become more beneficial as
they better resist the turbulent mixing processes at the upper boundary of the wall jet. Con-
sequently, larger trailing edge radii in combination with larger slot heights show an increased
potential for lift and pitching moment generation (Figure 5.12a). This also relies on the fact,

that the value of theoretically achievable circulation increases when the distances between
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Figure 5.13: Lift (a) and drag (b) due to double-slot-blowing for different Coanda radii (modified from
STADLBERGER/HORNUNG, 2015a,b)

the two stagnation points are reduced, i.e. when the Coanda aerofoil chord copanae shrinks
due to increasing r (subsection 3.4.4). In the associated aerofoil pressure distributions, this
manifests itself in a growing relative importance of the low pressure zone near the trailing

edge.

Asymmetric Blowing (0 < 7, < 1) For aircraft control purposes, lift and pitching moment
are meant to be controlled by adjusting both upper and lower slot independently. Figure 5.15
depicts an exemplary flow field around a trailing edge under double-slot-blowing conditions.
It also illustrates the zone of increased pressure (cp > 0) on the Coandd surface where both

jets clash.

For an arbitrary slot setting, the geometrical configuration of the Coanda aerofoil can be
described by the total slot height h;., and the ratio of upper and lower slot defined by the
control parameter 7, (section 3.1). Given the pneumatic conditions, i.e. the total pressure
inside the plenum, the jet outflow velocity ratio UUJ—o: is set for both slots. The total slot
height A;pq then determines the total jet mass flow. Figure 5.13 shows the lift and drag
force as a function of 7, for different Coanda radii. Except at high slot ratio values 7,

(where the lower slot is nearly closed), the lift coefficient exhibits an approximately linear

behaviour with increasing control factor n;, for all Coanda-radius-to-chord-ratios ——. At

base

N, = 1 the simulation results show an enhanced lift generation indicating that even low

counter-pressures imposed by the lower jet cause premature detachment of the upper jet.

Furthermore, Coanda flap effectiveness (%) grows with increasing Coanda radius. However,
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Figure 5.14: Lift increase due to control parameter Figure 5.15: Flow field and ¢, on the trailing edg

np for different total slot heights and Coanda under double-slot-blowing conditions, cbr =
radii (modified from STADLBERGER/HORNUNG, 0.02, l(fj,f — 2 m = 06 (modiﬁed.from
2015b) STADLBERGER/HORNUNG, 2015b)

the effectiveness gain seems to saturate at a radius to chord ratio of approx. c;T =0.02. A

more general illustration of this behaviour is provided in Figure 5.14. For a given Coanda
radius, the control force gain % cannot be increased arbitrarily by opening both slots
excessively. Hence, the total slot height h;. should be chosen inside reasonable margins
relative to the Coanda radius. Furthermore, as can be seen in Figure 5.13b, the aerofoil
section drag decreases slightly until 7, = 0.2 before it disproportionately rises to its maximum
value at 1, = 1. Generally, drag grows with increasing Coanda radius where the present
circular trailing edge geometry constitutes a conservative case compared to elliptical or
biconvex shapes (subsection 2.2.1). Note that the section drag coefficient ¢, only includes
the integrated friction and pressure forces acting on the aerofoil and Coanda surface skin.

The thrust force effect through blowing is not added (Figure 5.10).

Dependency on Angle of Attack Simulations revealed that the dependency of control
effectiveness on the angle of attack is insignificant up to a-values of 5deg. Figure 5.16
shows the lift generation through single-slot-blowing for three different angles of attack.
While lift increments are nearly identical for o = 0deg and o = b5deg, lift production
under strong blowing conditions seems to be limited at high angles of attack (a = 10°).
However, the lift coefficients still are substantially higher than the maximum lift coefficient

of the unblown lift polar (Figure 5.20a). The lift increase under double-slot-blowing exhibits
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Figure 5.16: Dependency of lift generation on
angle of attack (modified from STADLBER-
GER/HORNUNG, 2015b)

Figure 5.17: Dependency of lift of Coanda flap
effectiveness on angle of attack (modified from
STADLBERGER/HORNUNG, 2015b)

10deg, the Coanda flap lift gain gﬁ

is slightly lower than for lower angles of attack. Note that circulation control aerofoils are

a similar dependency (Figure 5.17). Only at a =
prone to leading edge separation when high circulations are attained (subsection 2.2.5). Stall
phenomena still are difficult to predict accurately by RANS calculations, especially under
fully turbulent settings without transition model. Hence, the presented results are supposed

to overestimate control effectiveness at high angles of attack.

Efficiency The performance of a circulation control concept not only includes maximum
effectiveness but also efficiency in terms of necessary resources, i.e. pressurised air. In this

study, the momentum flux coefficient C), is used as a measure for engine bleed air demand.
0

50,
case as a function of slot height under different blowing conditions. For a given Coanda radius

Figure 5.18 shows the regressed curves of lift augmentation in the single-slot-blowing

r
Cp, ’
ase

range of slot heights (in this case

a specific blowing rate exists that provides a maximum in efficiency over the major

([J]L;t ~ 2). Except at low blowing conditions ((ljj—z ~ 1),

smaller slot sizes enable a more economic lift generation. Hence, it is recommended to choose

ratio

the slot height ratio hT“ at reasonably low levels in order to maintain the required jet mass
flow at low rates. Likewise, it can be seen in Figure 5.19 that the ratio of Coanda flap
effectiveness and momentum coefficient acg% is higher for low total slot heights when the
aerofoil is operated in the double-slot-blowing mode. The regression curves indicate that
low Coanda radii with relatively large total slot heights can achieve higher efficiencies than

large radii with relatively small slot heights.
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Figure 5.18: Dependency of lift augmentation on Figure 5.19: Ratio of Coanda flap effectiveness and
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ified from STADLBERGER/HORNUNG, 2015b) and Coandi radii (modified from STADLBER-

GER/HORNUNG, 2015b)

Symmetric Blowing (1, = 0) Of course, effectiveness and efficiency of the Coandi aerofoil
is particularly important for flight phases where the aircraft is facing high control moment
requirements, e.g. during final approach. However, cruise phases span large portions of
the design mission in most cases. To reduce base drag, the working points of the Coanda
flap system should be chosen close to symmetric blowing operation (n, = 0). In addition,
a complete deactivation of the active flow control system during cruise would counteract
the findings in subsection 5.1.1. Figure 5.20 shows the lift and drag characteristics of the
aerofoil under symmetric blowing conditions. The lift curves exhibit an interesting behaviour
in the range of moderate angles of attack (4° < a < 9°). Here, low blowing rates (ZJ—;: =1)
appear to increase the lift coefficients and lift curve slopes whereas higher blowing rates
(l{j—o: > 1) reduce lift compared to the unblown case (%3—0: = 0). Due to the questionable
modelling capabilities of the RANS method in the stall regions, the respective results have
to be taken with caution. In terms of drag, high blowing rates are favourable as can be
seen in Figure 5.20b. Again, the section drag coefficient ¢; does not include the thrust force
effect through blowing (Figure 5.10). The plotted drag values rather represent the base
drag reduction due to separation control and possible clashing jets. The latter generate
high pressure zones on the blunt trailing edge, thus reducing the net drag force. For an
asymmetric blowing case, Figure 5.15 illustrates this effect by depicting the c,-value on the
Coanda surface which visibly attains positive values in the zone of jet clash. Introducing the

propulsive effect of blowing would have an additional favourable impact on the drag balance
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Figure 5.20: Lift (a) and drag (b) polar under different symmetric blowing conditions (n, = 0) (modified
from STADLBERGER/HORNUNG, 2015b)

up to net thrust generation (c¢; < 0). However, this drag reduction measure must be traded
off against the penalties that affect the efficiency of the propulsion system and of the entire

aircraft system. This aspect will be addressed later in section 5.2.

5.1.4 Intermediate Results of Finite Wing Reactions

This subsection discusses the results of the cambering method (section 3.5) which are based
on the previously presented two-dimensional section data (subsection 5.1.3). Most of the
following results and discussions can also be found in STADLBERGER/HORNUNG (2015a).
In the context of the SAGITTA configuration (section 4.2), the midboard span fraction
(Figure 4.3), nominally covered by a conventional plain flap, is equipped with a Coanda flap
featuring a radius-to-chord-ratio of % = 0.02. This value turned out to be a good compromise
between maximum available control authority and base drag increase (subsection 5.1.3). The
vortex lattice is modelled with the same discretisation parameters as applied during the

method’s validation (subsection 3.5.3).

Figure 5.21 shows the aerodynamic forces and moments generated by Coanda flap actu-
ation 7, with a total-slot-height-to-chord-ratio of @ = 0.001. The calculated aerody-
namic 3D data describe the baseline flight state at zero angle of attack and zero sideslip
(oo = 0°, oo = 0°). The different jet velocity ratios [ljfj_o: correspond to varying total pres-
sure ratios inside the Coanda flap plenum. In accordance with the two-dimensional section

data (subsection 5.1.3), the lift coefficient C, (Figure 5.21a), the pitching moment coefficient
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Cp (Figure 5.21d) and the roll moment coefficient C; (Figure 5.21b) exhibit an approxim-
Uje
T
and the nominal conventional flap, it can be seen that the jet outflow velocity has to exceed

ately linear behaviour for all values of . Comparing the effectiveness of the Coanda flap
three times the free stream velocity value to attain the same control reactions. Note that
the slope of the conventional flap curve depends on the chosen correlation between 7 and
nn- The plain flap curves are plotted such that a 30° plain flap deflection corresponds to a

Coanda flap actuation value of n, = 1.

Furthermore, the curves of pitching moment production efficiency g—g (Figure 5.22a) indicate
that there is a chance to attain lower drag values with Coanda flaps than with the conven-
tional flaps. In addition, their ratio of pitching moment and parasite downforce is about
10% better due to the very aft location of the rear suction peak (Figure 5.22b). This could
be particularly interesting for the case where longitudinal trim is assured by use of Coanda
flaps. Note that these results still do not include the thrust force produced by the jet outflow
(Figure 5.10). When additionally incorporating the thrust effect, the net force in x-direction

is further decreased as depicted by the curves of Cp — (Cr) in Figure 5.21f where the

wing

wing thrust effect coefficient (C7) is defined as

wing

m (U'et - Uoo) SCoanda fla
Or) . = J P 5.1
( T)wzng %IOUOQO Sref ( )

with Scoanda f1ap denoting the wing area covered by the Coanda aerofoil. As can be seen at
high blowing rates (% > 4), the fluidic flap system generates net thrust, i.e. negative drag,

for low 7, values.
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Figure 5.23: Vortex lattice modification angles over span (a) and span distribution of lift and drag fraction
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To illustrate the local aerodynamic modelling, Figure 5.23a shows the spanwise distribution
of the local lift coefficient as well as the vortex lattice modification angles 61, d, that have
been determined iteratively by the proposed calculation method. As expected, the curves

exhibit increased values at the span fractions that are covered by Coanda flaps. This can also

cc cqc
CLCa'ug ’ C’Dcavg

be seen in Figure 5.23b which illustrates the lift and drag fraction ( ) over span.
The drag fraction distribution indicates that a large portion of total drag is produced at the

Coanda flap sections where viscous and pressure drag is dominant compared to induced drag
().

Cp Cavg

5.2 Final Results of the Overall System

Finally, the combination of all submodels provides substantial information to evaluate the
Coanda flap system as a whole. While the previous pages discussed the isolated Coanda flap
effectiveness under the assumption of unlimited bleed air supply, this section investigates
the control moment authority under installed conditions. This means that all submodels
(engine, ducts, Coanda flaps, aircraft flight dynamics) now are combined to represent the
crucial subsystem interactions (section 3.6). In particular, the incorporation of realistic

engine throttle settings and associated available bleed air increases the significance of results.

In the context of the SAGITTA test case, various parameters are investigated to assess both

effectiveness and efficiency of the overall system. Many of the following discussions compare
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Table 5.1: Measured flap deflection angles during wind tunnel experiments

flap name deflection angles
inboard plain flap (IB) —30deg < n < 30deg
midboard plain flap (MB) —30deg < & < 30deg

tip split flaps (upper, lower) Odeg < ¢ < 55deg

the Coanda flap version of the SAGITTA configuration with the reference case featuring
conventional flaps (section 4.3). The control reactions of the latter are represented by look-
up tables retrieved from wind tunnel data (HOVELMANN ET AL., 2014). The ranges of
measured flap deflection angles are summarised in Table 5.1. Unless specified differently,
the following paragraphs assume that the span fractions of the conventional midboard (MB)
plain flaps are equipped with the studied double-slotted circulation control concept. As a
consequence of the results from subsection 5.1.3, the relative (circular) trailing edge radius
= 0.02.

Chase

of these Coanda flaps was set to

In addition to the simplifications described in section 3.6, the subsystem masses of the con-
ventional flap system and Coanda flap system are considered to be approximately identical.
This relies on the assumption that the additional weight for ducts and plenum structures is

compensated by the reduced weight of omitted actuators and hydraulic lines.

The following subsections present Coanda flap parameters at transonic flight velocities up to
Mas, = 0.8. Note that these results have to be taken with caution since the incompressible
aerodynamic modelling does not account for compressible effects. For instance, recompres-
sion shock waves have to be expected on the upper wing surface at transonic Mach numbers
(Ma, 2 0.7) . Moreover, transonic flight speeds usually require supersonic Coanda jet flow
to achieve sufficient control authority through sufficiently high jet outflow velocity ratios
not been taken into account either.

. For the following studies, the risk of supersonic jet detachment (subsection 2.2.5) has

5.2.1 Pitch Authority

The following results in this subsection seek to evaluate the pitch authority of the installed
fluidic flight control system. In particular, the dependence on the engine thrust setting will

be clearly visible.

Coanda flap compared with conventional flap For an exemplary operating point (loiter:
H = 5000m, Mas, = 0.5), the solid lines in Figure 5.24a represent the pitching moment in-
crement (AC, )pody generated by the Coandd flap at different thrust settings é7. The total

slot opening area Ay, was set to the maximum value Agoma, available in the data base.
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Figure 5.24: Pitch authority of the Coanda flap system at midboard position

As reference, the diagram also contains the pitch authority of the conventional midboard
flap (dashed line). Note that the values of the x-axis were correlated such that the Coanda
flap control parameter 7, = —1 corresponds to the maximum upward plain flap deflection
(n = —30deg) that was measured during the wind tunnel tests. As can be seen for the
trimmed thrust setting ((07)¢rimmed =~ 0.6), i.e. for zero specific excessive power SEP = 0,
the Coanda flap system is capable to generate the same pitching moment as an equivalent
plain flap deflection of n &~ —22deg. At full thrust, the Coanda flap becomes even more com-
petitive in terms of pitch control authority. To give an idea of the Coanda flap effectiveness
throughout the entire envelope, Figure 5.24b depicts the regressed control moment slopes
%CT? for different flight altitudes and Mach numbers. Since the jet outflow velocity ratio [é]—;t
diminishes with increasing flight speed, also the Coanda pitch authority decreases. Fven
though high Mach numbers require higher thrust settings, the increased bypass pressure

ratio cannot compensate the loss in relative Coanda jet velocity.

Sustained coordinated turn For the following results, solely the midboard Coanda flap
is used for longitudinal trim and coordinated turn. The maximum sustained load factor rep-
resents trimmability and agility of the aircraft equipped with Coanda flap devices. It directly
affects the minimum turn radius. As a result of automated trim calculations, Figure 5.25
depicts the envelope of the maximum sustained load factor. The maximum values of approx.
3 are located at low altitudes and high Mach numbers. In terms of minimum flight speed, it
must be mentioned that the available thrust was the limiting factor rather than the Coanda

flap capability of pitching moment generation.
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Figure 5.25: Sustained load factor during coordin- Figure 5.26: Maximum attained load factor dur-
ated turn through Coanda flap trim ing pull-up manoeuvre out of trimmed horizontal
flight

Dynamic Pull-up manoeuvre To eliminate the limitation of available thrust, the pitch
motion is simulated dynamically to evaluate the maximum attainable load factor. This
unsteady pull-up manoeuvre is performed out of the trimmed horizontal flight state. The
instantaneous setting of maximum pitching moment generation (n, = —1, Agot = Asiotmaz)
leads to a nose up motion increasing the angle of attack. As can be seen in Figure 5.26, load

factors up to 6 can be attained by the modelled Coanda flap system.

5.2.2 Roll Authority

The following paragraphs evaluate the competitiveness of the Coanda flap in terms of roll

authority.

Coanda flap compared with conventional flap The solid lines in Figure 5.27a represent
the Coanda flap roll authority (AC))peq, for different thrust settings dr at an exemplary
operating point (loiter: H = 5000m, Ma., = 0.5). The reference roll moment generated by
an asymmetric conventional plain flap (MB) deflection is illustrated by the dashed line. The
data is correlated such that a value of 7, = 1 on the x-axis corresponds to the maximum
available flap deflection & = 30deg tested in the wind tunnel. For trimmed thrust setting, the
Coanda flap is capable to attain the same roll moment as a conventional plain flap deflection
of £ = 12deg. Even though the Coanda flap roll authority increases with higher thrust
settings, its performance has to be judged inferior compared to the conventional flap. The

flight envelope of roll moment slope % depicted in Figure 5.27b, illustrates the downward
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Figure 5.27: Roll authority of the Coanda flap system at midboard position

trend of roll authority for increasing flight velocities. As seen before, the higher thrust

settings cannot compensate the reduced jet outflow velocity ratios %

Dynamic Roll manoeuvre As recommended by the military specifications MIL-F-8785C
(MOORHOUSE/WOODCOCK, 1982), the roll agility is investigated by simulating roll man-
oeuvres with maximum control input (n, = £1, Agot = Asiotmaz)- The manoeuvre is started
at the respective trimmed horizontal flight state. For trimmed throttle position, Figure 5.28a
shows that the necessary time Tp—_454¢4 to roll from wings level state to a bank angle of
® = 45° is lower than 1s throughout the entire trimmable envelope. This corresponds to the
highest level of agility (Level 1: To_g54e < 1.4s) for the SAGITTA aircraft class (class II).
Note that the time period increases in areas of lower trimmed thrust settings where reduced
bypass pressure ratios constrain Coanda flap effectiveness. At full thrust, these roll times

can be reduced even more as can be seen in Figure 5.28b.

5.2.3 Yaw Authority

In theory, the Coanda flap concept is capable to generate yaw moments using the jet thrust
effect active on one halfspan. The increased drag of the blunt trailing edge without blowing
on the other halfspan additionally contributes to yaw moment generation. However, the
yaw authority results presented in Figure 5.29a denote only poor yaw effectiveness. As
demonstrated by the solid lines, the Coanda flap system only attains very low maximum

yaw moments. These are almost one order of magnitude lower than those produced by the
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lower tip split flap (dashed line). The thrust effect of about 20% of the bypass mass flow mgp
in combination with a fairly short moment arm Ay,,p reveals too low to be competitive.
Even if the Coanda flap were situated at the wing tip generating the same asymmetric thrust
force, the resulting yaw moment would only increase by about 30% (dotted line). Still, the
tip split flap concept of providing yaw authority through drag generation appears superior
in this case. The Coanda flap yaw moment slope a0 OC ) diminishes even more at higher

Aslot /Amaz

flight velocities due to reduced jet outflow velocity ratios [(]j;t (Figure 5.29Db).

5.2.4 Efficiency

In the precedent subsections, the Coanda flap concept has been investigated in terms of ma-
ximum effectiveness. For the final evaluation, however, also the increased fuel consumption
has to be taken into account. In this context, the following results enable conclusions about
the Coanda flap system efficiency in comparison with a conventional flap configuration. The
efficiency analysis in the subsequent paragraphs comprise two use cases of the Coanda flap
during steady horizontal flight. First, solely the midboard Coanda flaps have been used to
generate pitch control moments for trim. All other control devices remain in neutral posi-
tion. Second, the aircraft is primarily trimmed by the inboard (IB) plain flaps (with gap
covers) but additionally supported by the Coandid midboard flaps. This operation mode
is considered to be more realistic as pneumatic power demand is kept low, still reducing
the Coanda aerofoil base drag through steady blowing. In both cases, the trim calculations
are performed for varying values of the slot opening area Ag,. At each operating point
(H, Maw), the configuration with least fuel flow 724, was selected to compile the enve-
lope of minimum fuel flow. The envelope mesh sizes of the calculated operating points are
AH =1000m and AU, = 10"

Longitudinal Trim with Coanda Flaps The contour plots of Figure 5.30 contain the en-
velopes of the feasible flight states that could be trimmed solely by the midboard Coanda
flap. Figure 5.30a and Figure 5.30c illustrate the Coanda flap settings Ag,; and 7, that as-
sure longitudinal trim at minimum fuel flow 172,¢;. Interestingly, the maximum slot opening
areas Ag; are predominant at lower altitudes while they quickly decrease to low slot sizes
at high altitudes. This trend is also naturally visible in the envelope for Coanda jet mass
flow, i.e. bypass bleed mass flow r..q. Note that the steplike appearance in x-direction
is due to the relatively coarse discretisation of the envelope grid. At lower altitudes H, the
reduced required thrust settings Q35 (Figure 5.30¢e) lead to engine operating points that
prefer higher bypass bleed fractions to achieve higher engine efficiencies (subsection 5.1.1).
In contrast, bypass bleed air becomes more expensive at higher altitudes where the engine

is approaching its design point €}, = 1. This tendency is underlined by Figure 5.31 which
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Figure 5.30: Envelopes of optimised Coanda system parameters during horizontal flight solely trimmed by
the midboard Coanda flaps
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Figure 5.31: Dependency of optimum slot outlet area on altitude and engine thrust setting

depicts the necessary fuel flow 724, (2) and thrust setting Q};, (b) for various slot opening
areas Ago at an exemplary intermediate flight velocity of U, = 2007%. At H =~ 5000m
the required engine spool speed begins to rise rapidly above Q7 > 0.88 and smaller slot

opening areas suddenly become more favourable when passing the line of H > 6000m.

To give an indication of fuel consumption throughout the flight envelope, Figure 5.32a de-
picts the necessary total fuel flow 1, while Figure 5.32b shows the total specific fuel
consumption (SFCyyqa). The latter is based on the total thrust produced by the sum of
mass flows that exit the engine nozzle and Coanda slots. While the total fuel flow 72, is
lowest in regions of minimum total drag, the SF .. decreases at flight states with high
angles of attack. For loiter phases, flight altitude and velocity are usually chosen close to
the point of minimum fuel consumption 1 ,¢. In contrast, for cruise flight the optimum in
specific range U [Am

mfuel kg
of fuel. As can be seen in Figure 5.32¢, the optimum cruise point is situated at high velocity

] determines the operating point of maximum distance covered by 1kg

and high altitude. To quantify the additional necessary fuel of the Coanda flap system w.r.t.
to the conventional flap case, both total fuel mass flow values (71 fuer) Coanda @0 (17 fyer ) conw
are compared throughout the flight envelope. As analysed for the Coanda flap case before,
also the reference aircraft configuration with conventional plain flaps implies the use of solely
the midboard flaps (MB) for longitudinal trim. The relative fuel mass flow W of
the Coanda flap compared to the conventional flap case gives an indication of the price that
has to be paid for reduced observability (Figure 5.32d). As can be seen in the green coloured

regions, the Coanda flap interestingly shows a potential to reduce fuel burn at low flight
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Figure 5.32: Aircraft system performance during horizontal flight solely trimmed by the midboard Coand&
flaps

velocities, i.e. at high angles of attack. In contrast, at high velocities and low altitudes, the
necessary fuel flow raises significantly by up to 40%. Increasing the flight level alleviates
the penalty in fuel consumption and even shows an approximately neutral behaviour at high
altitude cruise conditions (H ~ 11000m, Ma = 0.8). However, the neglect of compressibility

leaves doubts of validity here.

Coanda Flaps as Supporting Devices The Coanda flap is considered to be a supporting
trim device rather than the unique device for longitudinal trim. The inboard (gap covered)
plain flaps are meant to generate the main portion of pitching moments while the Coanda
flaps contribute with low blowing rates. Still, the steady jet outflow has to be strong enough
to reduce the Coanda aerofoil base drag during cruise. Similar to the previous case, the
trim calculations are performed for different slot opening settings Ay, and, additionally,
for different values of 7,. For each operating point (H, Mas,), the setting with least fuel

flow 174, is chosen to be assembled to the final envelope of operation. In this use case of

112



5.2 Final Results of the Overall System

supporting Coanda flap, the pattern of slot opening area Agor/Asiot mar and bypass bleed
fraction mypeeq/mpp for minimum fuel flow is similar to the precedent case of pure Coanda
flap trim (Figure 5.33a,b). However, the Coanda flap control value 7, exhibits naturally lower
magnitudes (Figure 5.33c). As can be seen in Figure 5.33e, the Coanda flap contributes a
notably large portion (60%-80%) to the necessary trim moments at the majority of trim
points. Interestingly, the conventional inboard flap (IB) does not take the role of the main
longitudinal trim device. For low altitudes and high velocities, the minimum fuel burn is
even achieved with zero or very small conventional plain flap deflections (Figure 5.33d).
In these regions, the Coanda flap system generates nearly 100% of required trim pitching
moment. In terms of thrust contribution, the fraction %ﬁ of net thrust due to the
Coanda jets w.r.t. total thrust does not exceed 10% as seen in Figure 5.33f. Concerning fuel
consumption, this use case leads to a slight reduction compared to the precedent case of a
pure Coanda flap trim (Figure 5.34a,b,c). The line of zero increase in fuel flow w.r.t. to the
conventional configuration is shifted towards higher velocities. So, a real potential for fuel
savings could be identified for lower velocities (Figure 5.34d). However, the penalty at high

velocities and low altitudes still exists.
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Figure 5.33: Envelopes of optimised Coanda system parameters during horizontal flight with trim support

through midboard Coanda flaps
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6 Conclusion

In this thesis, a preliminary design method is proposed to model the entire functional chain
of a Coanda flap system. This comprises the estimation of engine performance, total pressure
losses inside ducts, aerodynamic characteristics of the Coanda aerofoil and flight dynamic
reaction of the finite wing. Sufficient accuracy for early Coanda flap design stages could
be proven through validation studies for the respective methods. Inside their custom im-
plementations, novel enhancements of sophisticated approaches have been developed. They
mainly comprise 2D RANS turbulence model modifications and extensions of a vortice lattice
cambering method. Their respective implementations (MATLAB) enabled stable automated
simulations of aerodynamic flow. The stipulated robustness was achieved in the scope of the
performed studies. The latter included automated calculation campaigns with vast para-
meter variations as well as automated data matching algorithms to set up look-up tables for
the final simulation of the overall system. Computational speed was absolutely acceptable
in every step. Even for the 2D RANS simulations, several thousand data points could be

calculated within a few days by means of standard I'T infrastructure.

The presented methods were applied in the context of a low-aspect-ratio flying-wing con-
figuration. It is virtually equipped with Coanda “flaps” for the purpose of flapless flight
control. Extensive parameter studies have been performed within the practical boundaries
of the available design space. Their results in combination with findings from literature
research allow the deduction of several conclusions and design recommendations which are

summarised in the subsequent section.

6.1 Summary of Results

The most important findings in this study can be summarised as follows:

e Whereas bypass bleed visibly degrades engine efficiency at spool speeds close to the
design point (25,5 = 1), the low pressure spool process reacts favourably in the off-

design regime (0.7 < Q3,5 < 0.9). Under the assumption of 100% thrust recovery from

bleed air, the total specific thrust mF N increases due to bypass bleed in the off-design

fuel

operating points. For the modelled engine type, this could be traced back to the fact
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that the increased bypass mass flow shifts the LP operating points in both turbine and
compressor map towards higher LP spool speeds, and therefore to higher adiabatic
efficiencies (subsection 5.1.1).

Small pipe diameters below D < 5em and extensively curved ducting can lead to
a dramatical loss in outflow jet momentum (m - u)g,. However, average duct dia-
meters corresponding to approximately 25% of the engine bypass area (m ~ 1.5)
cause acceptable pressure losses (% ~ 7 —10%) in the relatively short duct system
(Liotar = 5m) of a low aspect ratio configuration (AR = 2). Moreover, under the con-
ditions of a choked outlet (Magy, = 1), pressure losses inside the duct system remain
essentially constant with increasing pressure ratios 2 =2 (subsection 5.1.2).

Larger Coanda radii lead to an increased potential of lift and pitching moment ge—

neration. However, beyond radius-to-baseline-chord-ratios

maximum effectiveness does not justify the base drag rise. In terms of control force ef-

9a / Orn during dual-slot mode, the smallest tested radii led to highest efficiency

ficiency
values (subsectlon 5.1.3).

In single-slot mode, the Coanda jet outflow velocity ratio has to reach at least unity
(l{j—o: > 1) to provoke positive aerodynamic reactions (Ac¢;, Ac,,) compared to the un-
blown case. Below this threshold, lift generation is scarcely existent or even exhibits

negative values. In contrast, velocity ratios exceeding Yt 5 9 1ed to reduced lift aug-

mentations 2% for a Coandd radius of = 0.02. For the same radius under sym-

aC,, ase
metric double-slot-blowing conditions, a Vbelocity ratio of [(]j—o: = 1 achieved the highest
lift curve slope % and maximum lift coefficient (¢;)mmq. While the values dropped for
further increased C),-values. Furthermore, double-slot-blowing with slight asymmetry
(0.1 < mp, < 0.3) revealed a potential to slightly reduce section drag (subsection 5.1.3).
As confirmed by wind tunnel experiments from literature, smaller slot heights enable
higher lift (A¢;) and pitching moment (Ac,,) increments for identical outflow mo-
mentum fluxes C,. Or expressed differently, the lift augmentation ;TCL increases for
shrinking slot sizes. In dual-slot mode, larger total slot heights h;y, cannot further
increase the control force slope é{% significantly and even lead to reduced slopes. The
same trend applies for the ratio of control force slope to blowing coefficient %f"h
(subsection 5.1.3).
For incident angles well below leading edge separation, the Coanda flap effectiveness
is essentially independent from angle of attack o, (subsection 5.1.3).
Comparing the Coanda flap with a conventional plain flap of identical span (but rela-
tively high flap chord fraction), the pitching moment authority relative to the parasite
negative lift is more favourable. This is due to the existence of the pronounced trailing

edge suction peak (subsection 5.1.4).



6.2 Applicability and Validity

e In installed configuration under loiter conditions (H = 5000m, Ma., = 0.5) at trimmed
thrust (67 = 0.6), the Coanda flap is capable to produce essentially the same magnitude
of pitching moment as the conventional reference flap. Roll authority is about half the
conventional flap effectiveness in the same flight state. Compared to the lower tip split
flap, Coanda flap yaw authority is poor and constitutes no more than about 10% of
reference effectiveness (section 5.2).

e For trimmed horizontal flight at altitudes below 6000m, larger slot sizes, i.e. higher
bypass bleed fractions, are more favourable in terms of total fuel consumption 7 ;.
High blowing rates become more expensive in the high altitude regime (H > 6000m).
This applies for longitudinal trim solely achieved through the Coanda flap system as
well as for the use case of assisting Coanda flap deflection (i.e. additionally to the
conventional inboard plain flap) (section 5.2).

e Whereas the installed Coanda flap system revealed quite expensive (A7 f,e > +20%)
at high flight speeds (Mas > 0.5), a potential to reduce fuel consumption at low
velocities could be identified compared to the conventional plain flap configuration
(section 5.2).

6.2 Applicability and Validity

In principle, the presented method is applicable for both single-slotted and double-slotted
Coanda aerofoil designs. While the first might be primarily interesting for fluidic high lift
systems and STOL applications, the latter is preferable for flight control and aerodynamic
morphing purposes. Redundancy issues and cross-bleed architectures are not considered in

the current implementation.

In accordance to the assumptions listed in section 3.6 the most important limitations are
repeated as follows: Since the two-dimensional RANS simulations for the estimation of
Coanda flap effectiveness are restricted to incompressible flow, the results are only valid for
flight Mach numbers Ma,, < 0.6 and unchoked Coand4 jet conditions (Ma,e < 1). However,
tendencies can be derived also for higher velocities, even though the quantitative values have
to be taken with caution. The aerodynamic data tables for the flight dynamic simulation
contain only control increments (ACp, ACy, ACy, AC;, AC,,, AC,, ) which are based on
zero angle of attack (ao, = Odeg). Especially at flight states with high incidences, uncertainty
exists about the validity of simulation results. High local angles of attack (.. > 10deg)
are likely to affect control effectiveness negatively. Moreover, the effects of possible vortex

systems and non-linear lift are neglected.
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6.3 Outlook

Since the circulation control technology is explicitly relevant for transonic flight regimes, the
most obvious enhancement of the presented method is the extension for compressible flow
up to free stream Mach numbers close to unity (Ma., ~ 0.9). This more realistic modelling
requires advanced stabilisation techniques to achieve a robust convergence of the automated
RANS calculations. Unsteady shock phenomena (e.g. buffeting) pose special challenges
here. In addition, for sufficient accuracy, automated local mesh refinement at runtime could
be an interesting but complex feature. Also, a relatively easy adaption of the automesher
could extend the applicability to blown flaps which have been subject of extensive investiga-
tion since the middle of the last century (e.g. WILLIAMS (1955); PFINGSTEN/RADESPIEL
(2009); WICK ET AL. (2013)). Note that the jet wrap-around problem (subsection 2.4.2 and
subsection 3.4.5) in the super-circulation regime is eliminated for blown plain flaps as the

jet separation point is clearly defined by the sharp flap trailing edge.

Beneficial aspects of circulation control aerofoils might be interesting also for other aircraft
missions and associated configurations. The potential of noise reduction compared to conven-
tional high-lift systems could be attractive for civil applications where aircraft noise becomes
more and more relevant (MUNRO ET AL., 2001). Furthermore, circulation control promises
to enable the control of laminar flow over a wide range of flight conditions, thus reducing
drag significantly (MCGOWAN ET AL., 2004). This aspect additionally contributes to the
chance of reduced fuel consumption at moderate flight velocities (May, &~ 0.5) as shown in
this work. Therefore, long endurance configurations (MALE/HALE) implying extended low
speed loiter phases could be particularly interesting for the application of fluidic circulation
control systems. Bypass bleed is capable to improve engine efficiency at off-design points. In
addition, flight state dependent manipulation of the lift distribution could open new degrees
of freedom for advanced fuel saving concepts. In every case, the implied feasibility studies in
the preliminary design stages will require thorough models of the overall system. To this, the

presented methods constitute a useful starting point to build far more than “paper planes”

(see p. 1).
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Nomenclature

Abbreviations

ADM Aerodynamic Data Module

AFC Active Flow Control

BSL Baseline

c.g. centre of gravity

CC Circulation Control

CFRP Carbon Fibre Reinforced Plastics
DNS Direct Numerical Simulation
DOF Degree Of Freedom

IR Infra-Red

ISA International Standard Atmosphere
LES Large Eddy Simulation

M.A.C. Mean Aerodynamic Chord
MTOW Maximum Take-Off Weight
NACA National Advisory Committee for Aeronautics
PDE Partial Differential Equation
RANS Reynolds Averaged Navier-Stokes
RCS Radar Cross Section

SFC Specific Fuel Consumption

SL Sea Level (H = 0m)

SLE System of Linear Equations

SST Shear-Stress-Transport

SSTMod SST model Modification

STOL Short Take-Off and Landing
STR Sustained Turn Rate

T/0O Take-Off

TRL Technology Readiness Level

UAS Unmanned Aerial System

VLM Vortex Lattice Method

VTOL Vertical Take-Off and Landing
WIC Wall Jet Correction
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Nomenclature

Greek Symbols

oo free stream angle of attack |deg]
Ooe local angle of attack at wing section |deg]
Boo free stream sideslip angle |deg|
ACp drag coefficient increment of finite wing |-]
ACY, lift coefficient increment of finite wing |-]
AC, roll moment coefficient increment of finite wing |-]
AC,, pitching moment coefficient increment of finite wing |-]
AC, yaw moment coefficient increment of finite wing |-]
ACy side force coefficient increment of finite wing |-]
91,02 local lattice modification angles |deg]
or throttle setting -]
i outflow momentum ratio based on slot heights |-]
r vortex strength [m?/s]
K ideal gas constant, Kk = 1.4 |-]
Asep separation loss factor of diverging pipe segment |-]
Avisc pressure loss factor due to viscous effects |-]
o dynamic viscosity |Pa s|
L eddy viscosity due to turbulence |Pa s]
Peff effective viscosity, ftefr = p + fut |Pa s]
v kinematic viscosity [m?/s]
vy kinematic eddy viscosity [m?2/s]
Veff effective kinematic viscosity, verr = v + 14 [m?/s]
w turbulence frequency [1/s]
Q5 p relative high pressure spool speed, Q},p = (QHZﬁ [rpm]|
Paiff diffusor angle |deg]
Iigp bypass pressure ratio |-]
0 slot pressure ratio |-]
) air density [kg/m3]
Poo free stream air density [kg/m?]
Obend pipe bend aspect ratio openg = ’"bd—Pd -]
Osep jet separation angle on Coanda surface |deg]
v amplification factor inside wall jet marker function -]
EcpP correction factor to account for the deviation from |-]
perpendicularity
0% leading edge sweep angle |deg|
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Nomenclature

Roman Symbols

m mass flow |ke /s

8”{{% Coanda flap lift gain efficiency |-]

% lift augmentation |-]

dc o . .

o Coanda flap lift gain -]

h ratio of slot height to Coanda radius |-]

— ratio of Coanda radius to baseline aerofoil chord |-]

User . . .

= jet outflow velocity ratio |-]

u mean flow velocity inside the duct [m/s]

F force vector [m/s]

n normal vector [m]

TAB vector from point A to point B |m]

u vector of local velocity |m/s]

/r vector of velocity induced by the potential flow vortex [m/s]

A cell surface area |m?]

Aot slot outflow area [m?]

AR wing aspect ratio -]

b wing span [m]

c wing section chord length [m]

Ch wing drag force coefficient |-]

Ca section drag coefficient (based on Coandi aerofoil chord length) |-]

Cr wing lift force coefficient |-]

C wing roll moment coefficient -]

a section lift coefficient (based on Coanda aerofoil chord length) |-]

Ch wing pitching moment coefficient |-]

Cm section pitching moment coefficient (based on Coanda aerofoil |-]
chord length)

Cy heat capacity at constant volume |/ (kgK)]

C, jet outflow momentum flux coefficient, C, = % -]

Cavg mean geometric wing chord, ¢,y = STb‘”‘f [m]

Chase chord of unmodified baseline aerofoil [m]

Chend coefficent to account for pressure losses inside pipe bends |-]

CCoanda chord of Coanda aerofoil [m]

a, section lift curve slope |-]

[oh pressure coefficient |-]

Cr thrust effect coefficient |-]
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Nomenclature

D

dp

o
Dhyar
Fy
Joena
Fp

H

hy

htotal

Pout
Pt,.BP
DPt,in

pt,out
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fluid element deformation tensor
local diameter of duct segment

normal distance from wall

hydraulic diameter (pipe segment)

net thrust generated by the engine

pressure loss supplement factor of pipe bend
wall jet marker function

altitude
height of lower slot

total slot height, hiprqr = hoy + hy
height of upper slot

turbulent kinetic energy

sand grain height

diffusor correction factor
effective thermal conductivity

pipe segment length
control volume length

Mach number
static pressure

ambient pressure

static pressure at duct outlet
bypass total pressure

total pressure at duct inlet
total pressure at duct outlet
dynamic pressure, g = %sz
gas constant

radius of Coanda surface
pipe bend radius

Reynolds number based on the section chord length

ud

duct Reynolds number based on diameter, Req =

specific fuel consumption, SFC = mlﬁ—;l
static temperature

relative aerofoil thickness
total temperature

total temperature at duct inlet
horizontal velocity component

free stream velocity

|-
[W/(mK)]
[m]

|m]

|-

[Pal
[Pal
[Pal
[Pal
[Pal
[Pal
|[Pal

)/ (kgK)]
|m]

[m]

|-

[
|&/kNs|
K]

|-

K]

K]
[m/s]
[m/s]



Nomenclature

Uy friction velocity |m/s
Uo tangential velocity on Coanda surface |m/s]
Ujet mean jet outflow velocity [m /s
vV cell volume [m3]
v vertical velocity component [m/s]
YCoanda normal distance from Coanda surface [m]
Subscripts

BP bypass

E eastern neighbour point of the considered control volume

HP high pressure

IB inboard flap position

LP low pressure

MB midboard flap position

P centre point of the considered control volume

|44 western neighbour point of the considered control volume

137






List of Figures

1.1

1.2
1.3

1.4

2.1

2.2
2.3

2.4
2.5

2.6

2.7

2.8

2.9

2.10

2.11

2.12

3.1
3.2

Turbine driven aircraft Coandd-1910 (a) (FLIGHT GLOBAL, 1910) and U.S.

military project Avro Canada VZ-9 Avrocar (b) (USAF, 2008) . . . . . . .. 2
Nlustration of Coanda effect . . . . . . . .. .. .. .. ... ... ... 2
lustration of a circulation control aerofoil / Coandd aerofoil (modified from

STADLBERGER/HORNUNG, 2014, 2015a,b) . . . . . . . . .. ... ... ... 2
Structure of work . . . ... oo 5

Hlustration of outflow process and wall jet (modified from STADLBERGER/ HORNUNG,

2012, 2014) . . . 8
Typical velocity and turbulent shear stress profile of a wall jet . . . . . . .. 8
Experimental and potential pressure distribution of an elliptical (t/c = 15%)

circulation control aerofoil (created with data from ENGLAR, 1971) . . . .. 10
Lift increase due to blowing (created with data from ENGLAR, 1981) . . .. 10

Maximum attained lift coefficient over free stream Mach number of an ellipt-
ical (t/c = 15%) circulation control aerofoil for different trailing edge shapes

(created with data from ENGLAR, 1970) . . . . ... ... ... ... .... 13
Lift coefficient over blowing coefficient of a circulation control aerofoil (CCW
244) for different slot heights (created with data from ENGLAR, 1975) . . . . 13

Lift coefficient over blowing coefficient of an elliptical (t/c = 15%) circulation
control aerofoil for different angles of attack (created with data from ENGLAR,
1971) « o o o 16
Lift coefficient over outflow velocity ratio of an elliptical (t/c = 15%) circu-
lation control aerofoil for different free stream Mach numbers (created with
data from ENGLAR, 1970) . . . . . . .. ... 16
lustration of possible C),-stall phenomena: (a) leading edge separation, (b)
jet wrap-around and (c) supersonic jet detachment (modified from COR-
NELIUS/Luctus (1994) and CARPENTER/SMITH (1997a)) . . . .. .. ... 17
[lustration of finite wing wind tunnel models (planforms reproduced from RO-
GERS/DONNELLY (2004) (a), HARLEY ET AL. (2009) (b) and FriTH/WOOD

(2004) (C)) + o o o e e e e 21
WVU Flight Demonstrator (a) and Grumman A-6A (b) as examples for flying
circulation control demonstrators (LOTH, 2006) . . . . .. ... .. .. ... 22

Flow fields (a,b) and pressure distributions (¢,d) of successful (left) and failed
(right) RANS simulations reproducing the wind tunnel test case from ENGLAR
ET AL. (2009), s = Odeg, 2 = 6, —t+— — 0.0022 (simulated with the

Uso ’ CCoanda
RANS method presented in section 3.4) . . . . . .. .. ... 27
[lustration of main subsystems of the fluidic flight control system . . . . . . 31
Overview of the overall system modelling process . . . . ... .. ... ... 33

139



List of Figures

140

3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10
3.11
3.12

3.13

3.14

3.15

3.16

3.17

3.18

3.19

3.20

3.21

3.22
3.23

[ustration of investigated Coanda flap concept (modified from STADLBER-

GER/HORNUNG, 2014, 2015a,b) . . . . . . . .. 34
MMustration of subsystem model interactions . . . . . . . .. .. .. ... .. 35
[lustration of a turbofan engine with bypass bleed concept . . . . . . . . .. 36
[lustration of duct model with discrete control volumes . . . . . . . .. . .. 39
Relative deviation of inviscid results from isentropic flow equations . . . . . 43
Relative variation of results as function of discretisation . . . . . . . . . . .. 43
Mustration of the calculation procedure during a calculation campaign . . . 49
Lift coefficient history of an exemplary calculation with increasing jet outflow

velocity ratios Ujer/Uso - - -« o o o o o oo 52
Flow field of “erroneous” ca]culations with leading edge separation (a) and jet

wrap-around (b), a = 10deg, —*— = 0.035, Um =5, =0 ......... 52
Circulation control aerofoil geonehetry of vahdatlon test case and used grid

topology (STADLBERGER/HORNUNG, 2014) . . . . ... ... ... .. ... 55

Lift coefficient increment (a) and wall jet separation angle (b) with original
turbulence model versions (BSL, SST) for different mesh sizes, h, = 0.5mm,
a=0deg . . . . . 56
Velocity (a), eddy viscosity (b) and blending function (c) of the wall jet with
original turbulence model (BSL, SST), medium mesh size, Z(]J’oot =3, C, =
0.057, hy =0.5mm, a=0deg . . . ... .. .. ... ... 57
Lift coefficient increment (a) and wall jet separation angle (b) with turbulence
model modifications activated individually and in combination for the medium
mesh size, h, = 0.5mm, a = 0deg (modified from STADLBERGER/HORNUNG,
2015D) . o o e 58
Baseline blending function F; (a), corrective function Fpp (b) and corrected
blending function F} correctea (€) in the upper slot region of the blown trailing
edge . . L 58
Velocity (a), eddy viscosity (b) and blending function (c) of the wall jet with
activated WJC, medium mesh size, ({;t = 5, ¢, = 0.158, h, = 0.5mm,
a = 0deg (modified from STADLBERGER/HORNUNG, 2015b) . . . . . . . .. 59
Velocity (a), eddy viscosity (b) and SST modification function ( ) of the wall
jet with modified SST formulation for the medium mesh size, UJ =2,C,=
0.025, h, = 0.5mm, o = 0deg (modified from STADLBERGER/HORNUNG
2015D) . o o e, 60
Lift generation of the Englar/Jones test case (ENGLAR ET AL., 2009) due to
blowing for different slot heights, calculated with the medium mesh size for the
author’s RANS method, a@ = 0deg (modified from STADLBERGER/HORNUNG

(2015b) with data from BERNHARDT (2015)) . . . . . . . .. .. .. .. ... 61

Lift coefficient increment (a) and wall jet separation angle (b) with turbulence
model modifications WJC and SSTMod for different mesh sizes, h, = 0.5mm,
a=0deg . . . . . 61
[lustration of a vortex lattice for a low aspect ratio wing (STADLBERGER/ HORNUNG,
20158) .+« o e e e 63
[lustration of one horseshoe vortex (STADLBERGER/HORNUNG, 2015a) . . . 63
Panel modification method I) from MUKHERJEE/GOPALARATHNAM (2006)
and present method IT) (modified from STADLBERGER/HORNUNG, 2015a) . 63



List of Figures

3.24 Flow chart of the cambering method calculation process (STADLBERGER/ HORNUNG,
20158) . ..o 66
3.25 Comparison of lift (a) and pitching moment (b) coefficient for the different
2D panel modification methods, as = 0deg, =2 = 0.8 (modified from
STADLBERGER/HORNUNG, 2015a) . . . . . .. .. .. .. ... ... ... 67
3.26 Planforms and specifications of conventional flap validation test cases RM-
L51A26 (HAwWES/MAY Jr, RALPH W, 1951) and SAGITTA (HOVELMANN
ET AL., 2014) (modified from STADLBERGER/HORNUNG, 2015a) . . . . . . . 71
3.27 Relative change in aerodynamic reactions as a function of spanwise panel number 72
3.28 Relative change in aerodynamic reactions as a function of the relative hinge

line position of 09, N, =10, N, =30 . . .. ... ... ... ... ... ... 72
3.29 Comparison of numerical results with experimental data for conventional flaps,

Qoo = 0deg, oo = 0deg (modified from STADLBERGER/HORNUNG, 2015a) . . 73
3.30 Main blocks and signal flows inside the SIMULINK model . . . . .. ... .. 74
4.1 Tlustration of the SAGITTA design mission . . . . ... ... ... ..... 78
4.2 3-view of the SAGITTA configuration . . . . . . .. .. ... .. .... ... 79

4.3 Tllustration of the conventional reference flap scheme (top) and Coanda flap
flight control concept (bottom) (modified from STADLBERGER/HORNUNG,
2014, 20152) . . . ..o 82

4.4 SAGITTA wind tunnel model with conventional plain flaps and two different
types of tip split flaps (left: abandoned concept, right: investigated vortex

flap concept) . . .. 82
5.1 Bypass pressure ratio (a), specific thrust (b) and isentropic efficiencies (c, d)

as a function of bypass bleed at standard conditions (H = 0m, Ma=0) . .. 84
5.2 High pressure compressor (a) and turbine (b) map with operating lines for

different bleed fractions at standard conditions (H = 0m, Ma=10). . . . .. 86
5.3 Low pressure compressor (a) and turbine (b) map with operating lines for

different bleed fractions at standard conditions (H = 0m, Ma=0). . . . .. 87
5.4 Relative HP spool speed (a) and bypass pressure ratio (b) as a function of

bypass bleed fraction . . . . .. ... oo 88
5.5 Illustration of studied duct system . . . . . . ... .. ... ... ... ... 88
5.6 Flow parameters along duct at ISAOm . . . .. .. ... ... .. ... ... 90
5.7 Relative pressure ratio (a) and relative momentum flux (b) at slot exit w.r.t.

duct entrance values for different slot outlet areas . . . . .. .. .. ... .. 91

5.8 Relative pressure ratio (a) and relative momentum flux (b) at slot exit w.r.t.
duct entrance values for different diameter sizes of the nominal duct pipe,

Drey =085 . o 92
5.9 Geometry of the studied NACA 64A012 circulation control aerofoil and used

grid topology (STADLBERGER/HORNUNG, 2015b) . . . . . ... .. .. ... 93
5.10 Illustration of control volume used for the calculation of aerodynamic forces

and moments . . ... oL 94
5.11 Lift (a) and pitching moment (b) due to blowing through upper slot over jet

velocity ratio (n, = 1) (modified from STADLBERGER/HORNUNG, 2015b) . . 94

5.12 Lift due to blowing through upper slot for different slot heights and Coanda
radii (a) and momentum flux coefficient (b) (7, = 1) (modified from STADLBER-
GER/HORNUNG, 2015b) . . . . . . .. ... o 95

141



List of Figures

142

5.13

5.14

5.15

5.16

5.17

0.18

5.19

5.20

5.21

0.22

5.23

5.24
5.25
5.26

5.27
5.28

5.29
2.30

5.31
5.32

2.33

5.34

Al

Lift (a) and drag (b) due to double-slot-blowing for different Coanda radii

(modified from STADLBERGER/HORNUNG, 2015a,b) . . . . . .. .. ... .. 96
Lift increase due to control parameter 7, for different total slot heights and
Coanda radii (modified from STADLBERGER/HORNUNG, 2015b) . . . . . .. 97
Flow field and ¢, on the trailing edge under double-slot-blowing conditions,
o = 0.02, Ié{): = 2, g, = 0.6 (modified from STADLBERGER/HORNUNG,
2015b) . .o 97
Dependency of lift generation on angle of attack (modified from STADLBER-
GER/HORNUNG, 2015b) . . . . . . . ... 98
Dependency of lift of Coanda flap effectiveness on angle of attack (modified
from STADLBERGER/HORNUNG, 2015b) . . .. ... ... ... ... .... 98
Dependency of lift augmentation on slot height and blowing conditions (), =
1) (modified from STADLBERGER/HORNUNG, 2015b) . . . . .. .. ... .. 99

Ratio of Coanda flap effectiveness and momentum coefficient for different slot
heights and Coanda radii (modified from STADLBERGER/HORNUNG, 2015b) 99
Lift (a) and drag (b) polar under different symmetric blowing conditions (1, =
0) (modified from STADLBERGER/HORNUNG, 2015b) . . . . .. .. ... .. 100
Aerodynamic reactions of the SAGITTA wing due to Coanda flap actuation,
oo = Odeg, Boo = Odeg, et = 0.001, - = 0.02 (modified from STADLBER-
GER/HORNUNG, 2015a) . . . . . . . o oo it s e 101
Pitch-to-drag ratio (a) and pitch-to-lift ratio (b) of the Coanda flap, ., =
Odeg, B = Odeg, Meat = 0.001, £ = 0.02 (modified from STADLBER-
GER/HORNUNG, 2015a) . . . . . . .. ..o i 102
Vortex lattice modification angles over span (a) and span distribution of lift

and drag fraction (b), [{]ja = 3, a = 0deg, Bs = O0deg, h“é“” = 0.001,

£ =0.02 (modified from STADLBERGER/HORNUNG, 2015a) . . . . . . . ... 103
Pitch authority of the Coanda flap system at midboard position . . . . . .. 105
Sustained load factor during coordinated turn through Coanda flap trim . . 106
Maximum attained load factor during pull-up manoeuvre out of trimmed ho-

rizontal flight . . . . . . . oo 106
Roll authority of the Coanda flap system at midboard position . . . . . . . . 107
Time to pass a bank angle of ® = 45deg with trimmed throttle (a) and full

throttle (b) during roll manoeuvre . . . . . .. ... .. ... 108
Yaw authority of Coanda flap system . . . . . . ... ... ... .. ..... 108
Envelopes of optimised Coanda system parameters during horizontal flight

solely trimmed by the midboard Coanda flaps . . . . . ... .. .. ... .. 110

Dependency of optimum slot outlet area on altitude and engine thrust setting 111
Aircraft system performance during horizontal flight solely trimmed by the

midboard Coanda flaps . . . . . . . . .. ..o 112
Envelopes of optimised Coanda system parameters during horizontal flight
with trim support through midboard Coanda flaps . . . . . . .. ... .. .. 114
Aircraft system performance during horizontal flight with trim support through
midboard Coanda flaps . . . . . . . . . . ... 115

Vertical (a) and horizontal (b) velocity at the centre lines of the lid-driven
cavity flow problem (Re = 1000) in comparison with data from GHIA ET AL.
(1982) . v o ot 155



List of Figures

A.2 Turbulent boundary layer on a flat plate for different running lengths (Re, =

M)

A.3 Lift curve of unblown (cambered) elliptical circulation control aerofoil from

ALEXANDER ET AL. (2005)

A.4 Lift curve of unblown semi-elliptical circulation control aerofoil from ENGLAR

ET AL. (2009)

143






List of Tables

2.1 Summary of qualitative circulation control sensitivities . . . . . . ... ... 12
3.1 Empirical correction factor kg . . . . . ... o000 42
3.2 Turbulence model coefficients of Menter’s BSL model . . . . .. .. .. ... 45
3.3 Law of under-relaxation for PDE solution . . . . . . .. ... ... ... ... 48
3.4 Proposed threshold values for convergence detection . . . . . .. . ... ... 52
3.5  Mesh sizes of mesh refinement study . . . . .. .. ... Lo 55
3.6 Main specifications of the SAGITTA wind tunnel model and test conditions 74
4.1 Requirements imposed on the SAGITTA configuration . . . .. .. ... .. 78
4.2  Main specifications of the SAGITTA configuration . . . . .. ... ... ... 79
4.3 Specifications of generic engine . . . . . .. .. oL 81
5.1 Measured flap deflection angles during wind tunnel experiments . . . . . . . 104
A.1 Modelled double-slotted circulation control aerofoils . . . . . .. .. ... .. 156

145






Appendix

147



148



a

Conducted Experiments on Coand

A Bibliography
Aerofoils

000°00S
000089
000°00¢
000°00€

000°000°T

000°0%9
000°00%°T
000°000°T
000°‘00g‘¢ 03 dn

000°005°T

000°06S 03 000°G.LE
00002 ©3 000°07%
000°078
000°0.S

000°00¢°'Z 0% dn £000°09¢
000°068 ‘000°09%

[-] sequnu spjoukey

81070 ‘1070 ‘900°0

890°0 ‘S¥0°0 *2T0°0

€80°0 ‘2€0°0°220°0 *9T0°0 ‘I10°0
€500

087°0> ‘0¥1°0>

Snorrea

870°0 ‘T€0°0

00T°0 ‘99070 ‘0€0°0
#%0°0

821°0 ‘$90°0 ‘Z€0°0 ‘9T0°0 ‘800°0

snoLrea

¢e0'0

{00T°0 ‘0S0°0 ‘ZE0°0 *S50°0 ‘€T0°0

9600 ‘820°0 ¥10°0

T9T°0 ‘18070 ‘Z€0°0 ‘9T10°0
F%20°0

[l 5 (s)orvex Sy s0[8

€92 0
9Z¥%0°0

S60°0

890°0

600°0< *200°0<
‘600°0<

0
1010°0< ‘0T0°0
LT1%0°0

19070

8€0°0

L9€0°0

‘881070 ‘760070

snoLrea

z6£0°0
016070
1090°0
£070°0
‘5810°0<
€z50°0

[ 3

(s)oryer snipeyy

e /U

GgL'0

O\(

[9] soqurep)

0€
0¢
0¢
LT

LT
LT
91
0¢

LT

ST
0¢
0¢
0€

ST
g'0c

[%] ssowpryT,

JRINOIID
Ie[noIn
Ie[nOID

IRINOIID

(xg) reondye
X9AUOIIq
‘reondrpe
‘Ie[mIID
IR[NDIID
IR[NDIID

Ie[noI

IR[NOILD

Teaids
‘reondira

Ie[noI
Ie[noID
JRINOIID

JR[NOIID
‘reondiqre

Ie[noIn

adeys
98pa Surreiy,

asdiy[e
asdIfre
osdIf[e

reonuoIadns

asdiy[e

reontIadns
asdiy[e
asdiy[e

asdIf[e

reonuoIadns

asdiy[e
asdIfre
osdIf[e

osdiy[e

asdiy[e

asdIf[e

adeys [10J018y

210¢ <"1V 1d NEH))
6007 1V LA TAZLAAA
6002 1V LA YVIDNG

900¢ "IV L3 DNOAA

G007 "1V LA HHANVXATY

S00% ‘saNor
7007 ‘NOSWvHdY

12861 ¢TIV Ld MVAON

€861 ‘NOINOD)/AOOAN

1861 ‘“YVIONH

1261 ‘NOSWVHLY
GL6T ‘NOSWvVHAY
GL6T ‘4VTIONH
.61 ‘“avVIONH

TL6T “4VIONH 0L6T “UVIONH
061 ‘AMOH /SWVITIIAN

90UDIJY

149



150



Tested Turbulence Models

B Bibliography

(110g) ONIHSIN /AESWNOY
(900g) "IV 1@ NOSNVMG
(g00g) TV 1T NOSNVMG

(s)eouarager uoryesddy

G267 TOISIBA ‘(900g) "IV LA DNVH))
G/6T uoisIaA ‘(900g) SLLNOM /SOUVHOVY
G)6T woIsieA ‘(g00g) "1V LA IMSWOTS

100¢ uoIsIoA ‘(110g) ONIHSIN /AESNAY
100 uolsioa ‘(900z) "1V 1d NOSNVMS
100¢ UoIsIoA ‘(900g) "1V 1d 1aSV]

Q66T UOISIBA ‘(G00g) "IV Ld NOSNYMS

¥661 UoIsIoA ‘(GT10g) TrIALS /HALSUO]

UOT}091I0))-USIS[[O[] [HM PU®R PIRPUBIS 66T UOISIOA ‘(TT0G) ONIHSIN /ATSINAY
$66T TOISIOA ‘(600g) TV LA NI

7661 TOISIOA ‘(900g) "1V LA DNVH)D)

$66T UoIsIoA ‘(900g) "IV LT NOSNYMS

F66T UOIsIoA ‘(900g) NOSHELV] /9asv g

$66T UOISIoA ‘(900g) "1V LA TASV.]

F66T UOISIaA ‘(900g) SILNOM /SOUVHOVYZ,

9007 UOISIOA PUR 86T UOISIOA ‘(GT0Z) TrIALS /HALSHO]
8861 uolsIoA (900g) "1V Ld TASV]

$661 UOISI9A PU® g)6] UOISIdA ‘(900g) SLLNOY /SOMVHOVY,
7661 UOISIeA pPu® g)6] UOISIaA ‘(g00g) "1V L1d IMSWOTS

2661 uolsion ‘(110g) ONIHSIN /ASSNAY

C66T UOISIOA ‘(600g) TV LA NI

UOI1DRII0)-INYS-)Ieredg )M PUR PIEPURIS gEET UOISIOA ‘(900g) “TV LH NOSNVMG
G66T UOISIBA (9007) NOSHELVJ /9asv g

Z66T uoisiaa ‘(900g) SLLNOM /SOMVHOVY

UO01199.1100)-INYg-1reredg )M gEET UOISIOA (GOOZ) "IV LA NOSNVMS

(s)eousisjer uoryestddy

8661 ‘NALSTIHH

66T 1V 1d UNHG

CRINCREICHT]

GJ6T "IV LA MAANAVT

100 ‘DISLVE) /AASNNY

8661 'V

"H NVSSVI /" " ‘NOSNIEOY

7661 “YALNIN

200T ‘XODTIAN
8661 ‘XODTIAM

¥661 1V 1d HIHS
GL6T ‘PNIATVAG/HEANAV]

Z66T ‘SYEVINTTY /IMVTIvdg

(s)eouaI19]81 TOPOIN

DEVSIE)E|

Uo011991100)-INyG-1reredg

POYISIAl UOI}DDII0)) dINJRAIN)

(INSH) 1POIN $80118 Sploukay [N

M=4-INSVH

(5-4) Aydoaysua-zy

(1LSS) 11odsuely, ssaI1g IRaYG I9ULSIN

(m-y) -5 x0OTTAN

(3-y) 3-y @puneT

(vs) serewy-1reredg

suorjenbs
JO Tequuny [ePOW 82USNAINT,







C Isentropic Flow Equations

For isentropic (frictionless, adiabatic) air flow, assuming a caloric ideal gas (k = 1.4), the

static temperature 7', static pressure p and static density p are given as follows

1 -1
T:Tt(1+l€2 Ma2)

-1 w1

-1 =t
p=m(1+’{2 Maz)

where T3, p; and p; constitute the respective gas properties in total conditions and

Ma:u

a

a=VkRT
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D Validation of 2D RANS Code

For RANS code validation, the subsequent sections contain the data of three test cases.

D.1 Lid-Driven Cavity Flow

The classical lid-driven cavity problem is a widely-used steady incompressible test case for
CFD code validation and performance assessment. The solution of the present code obtained
with a non-uniform grid size of 128 x 128 at Re = 1000 is compared with data from literature
(GHIA ET AL., 1982). As shown in Figure A.1, the results agree essentially well for both

vertical (a) and horizontal (b) velocities at the respective centre lines of the square cavity.

D.2 Turbulent Boundary Layer on a Flat Plate

To validate the used turbulence model (Menter’s k-w/k-e SST), the turbulent velocity profiles
(Figure A.2a) on a flat plate are transformed to dimensionless values yielding u* = 2 where
the dimensionless velocity u™ is calculated by use of the friction velocity u,. The latter is
given by u, = \/;;i depending on the wall shear stress 7,, and the fluid density p... Finally,
the dimensionless distance to the wall yields y* = % Compared with Spalding’s law of
the wall (SPALDING, 1961), the numerical solution of the boundary layer shows reasonable

agreement as can be seen in Figure A.2b.

a) b)

09 r
081
0.7 1

= o
0.4}

03 F ®

0.2
present method present method
0.5 ®  Ghia et al., 1982 1 017 L] ®  Ghia et al., 1982

_0.6 1 1 1 1 0
0 0.2 04 0.6 0.8 1 -0.5

x[—] ul-]

S J

0.5 1

Figure A.1: Vertical (a) and horizontal (b) velocity at the centre lines of the lid-driven cavity flow problem
(Re = 1000) in comparison with data from GHIA ET AL. (1982)
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Figure A.2: Turbulent boundary layer on a flat plate for different running lengths (Re,
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Table A.1: Modelled double-slotted circulation control aerofoils

ENGLAR ET AL. (2009)

t/CCoanda 20%

camber 0%

T/ CCoanda 0.095

CCoanda |M)] 0.22

Re « 500, 000

hsiot [mm]  0.23, 0.33, 0.46, 0.66, 1.09
P N
4

D.3 Unblown Coanda Aerofoil

6%
0.75%
« 0.025
0.71
« 1,000, 000

ALEXANDER ET AL. (2005)

0.53, 0.89, 1.42, 1.85
~—

_ Uxx

10

An unblown Coanda aerofoil under angle of attack serves as test case for the code validation

on a convection-diffusion flow problem with non-orthogonal grid. Two wind tunnel experi-

ments have been reproduced whose specifications are listed in Table A.1. For the first test

case, Figure A.3 shows the reference curve for Re = 1 x 10°% and the corresponding results

from RANS calculations for a 6%-thick cambered elliptical aerofoil tested by ALEXANDER

ET AL. (2005). While the average lift curve slopes agree essentially well, the experimental

results exhibit significant deviations from linearity even at low angles of attack. Similar ob-

servations were also made by KWON/PARK (2005). Their wind tunnel experiments revealed
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Figure A.3: Lift curve of unblown (cambered) ellipt- Figure A.4: Lift curve of unblown semi-elliptical cir-
ical circulation control aerofoil from ALEXANDER culation control aerofoil from ENGLAR ET AL.
ET AL. (2005) (2009)

that the Reynolds number has a significant effect on the lift curve slope of elliptical aerofoil
sections. At higher subsonic Reynolds numbers (2 x 10°), the lift curve slope falls below that
of a conventional aerofoil. This might be expected due to separations at the trailing edge and
the resulting thick wake layer. However, at low Reynolds numbers of about 3 x 10° the lift
curve slopes at low angles of attack can be much higher than % > 27. This is a consequence
of early laminar separation from the lower side of the trailing edge combined with attached
flow around nose and trailing edge suction side. In the case of a double-slotted aerofoil, the
separation point is assumed to be defined by the contour steps formed by the slot lips. In
addition, these laminar effects disappear when early transition is provoked by boundary layer
trips as put into practice by ALEXANDER ET AL. (2005). Assuming that laminar flow effects
are the explanation for the particular lift curve shape, the fully turbulent RANS simulation
would be scarcely capable to reproduce these effects. However, even though the maximum
lift was overestimated, the stall incidence could be reproduced quite accurately. Note that
the original experimental curve was corrected by an zero lift angle of attack ay ~ —1deg as
would be approximately predicted by common methods from literature (HOERNER /BORST,

1985).

Better concordance of numerical and experimental results could be obtained with the test
case from ENGLAR ET AL. (2009). As can be seen in Figure A.4, the RANS data agrees
well in the region of low angles of attack while the numerical model overestimates produced

lift at higher angles of attack. Despite the boundary layer trip, viscous flow separation
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effects seem to weaken the real lift curve slope early before stall. If these effects are due to
local laminar flow, is unknown. Again, maximum lift has been slightly overestimated while
the stall incidence could be reproduced accurately even though the lift drop is significantly

smoother for the numerical results.
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