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Executive summary

This thesis is performed with the aim to investigate whether split flaps can be a feasible
solution for increasing the Flying V directional control power. In order to do so, a set of wind
tunnel experiments have been concluded with a 4.6% half wing model in the Open-Jet-Facility
at the Delft University of Technology. Here, several split flap geometries have been tested to
fully establish their behaviour in terms of yaw and other parameters of interest. Additionally,
calculations have been performed to provide an adequate split flap design for certification of
the lateral-directional specifications from CS-25.

From the wind tunnel experiments, it was found that split flaps on the outboard wing
section can effectively increase the directional control power over angles of attack between 0°
and 30°. However, yaw control is lost when a < —5° due to lower wing stall. This makes the
lower split flap lose pressure, while the upper split flap produces a negative sideforce, negating
yaw creation. The maximum decrease in split flap effectiveness is found around a = 17.5°,
where a leading edge vortex is present over the outboard wing. This decreases pressure over
the upper split flap, resulting in a effectiveness decrease of around 41%. As the effectiveness
does not decrease further, split flaps can be continuously effective at higher angles of attack
when compared to the winglet rudders. The low pressure on the upper flap also causes large
adverse coupled moments in pitch and roll. The effect of split flaps on the yawing moment is
found to be linear with deflection angle, where their effect on other aerodynamic properties
is found to be more non-linear.

The deflection of outboard split flaps do not have a significant interference effect on rudder
yaw power, but can have some interference effects on adjacent main wing control surfaces.
Differential deflection between the upper and lower flap has been shown to potentially de-
crease coupling in pitch and roll, while maintaining a certain level of yaw power, which is
especially applicable for « < 15. In this region, the split flaps can also be globally rotated
trailing edge down to mitigate adverse coupled moments while beneficially increasing the total
created yaw. With global rotation, the split flaps can be used in a dual functionality as both
yaw effector and roll/pitch effector. A combination of low to moderate split deflection angles
and trailing edge down rotations are required to do this effectively.

It was found that sustaining a steady heading sideslip during crosswind conditions, as well
as a 30° coordinated turn into the operative engine, were the most demanding certification
specification in terms of directional control. A maximum additional yaw coefficient of 2.4113e-
3 has to be provided by the split flaps. Designs with a maximum deflection angle above 30°
are deemed feasible, as this would maximally require only the replacement of the current CS3
surfaces. When a maximum deflection of 60° is set by the designer, a sub-scale split flap width
of 111.87 mm is needed, which translates to a full-scale split flap of 2.431 m. Based on the
sensitivity analysis and projected Reynolds effects, this is considered a conservative design
for the full-scale Flying V. At « = 0°, the recommended geometry is projected to increase the
maximum directional control power of the Flying V by 38.1%. At a = 27.5°, the maximum
directional control power can even be increased by 85.5%. Both increases come at the cost
of a significant drag increase.
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Introduction

Over the past 50 years, the conventional cylindrical-fuselage and fixed-wing aircraft have
dominated the aviation design space [1]. A good example of this is the Boeing 747 series,
which came into service in 1969 and is still being produced to this day [2]. The conventional
design can also be seen in newer aircraft designs, such as the Boeing 787 or Airbus A350.
The wing-fuselage configuration is thus not very innovative, yet the aircraft have to become
progressively efficient. Sustainability and efficiency are becoming more and more important in
the aviation industry. Increasing air traffic and public awareness have made aircraft emissions
one of the most pressing criteria for the growth of commercial aviation [3]. As the room for
improvements is finite and is getting smaller, the aviation industry has to further evolve to
keep up with this increasing need for low-emissions.

In an effort to improve aircraft efficiency, some designers have turned towards the fly-
ing wing concept. Such an aircraft does not have a conventional wing-fuselage body, but
rather combines these parts for aerodynamic or structural benefits. The flying wing concept
is not new, but it has been revamped by aircraft designers in the search for out-of-the-box
sustainability improvements. The Flying V is such a flying wing concept, originally thought
of by J. Benad during an internship at Airbus [4]. His aim was to design a highly efficient
commercial passenger aircraft, which could compete with the likes of an Airbus A350-900.
He came up with a configuration which interconnected the fuselage and the wing, creating a
flying wing aircraft with the shape of a 'V’, hence its name. This new design had the potential
of a 10% higher lift-over-drag ratio while having a 2% lower mass compared to the A350-900,
meaning less emissions for the same mission. Research on the Flying V has been done at
Delft University of Technology since 2016. During this time, the design by Benad has been
further developed and optimised. Several experimental and computational studies have been
performed on the aerodynamic properties and the handling qualities of the aircraft.

Stability and control issues were (and still are) one of the major hurdles for the development
of flying wing designs [5]. For the Flying V, this is no different. In terms of directional control,
the aircraft makes use of a set of rudders incorporated in its winglets. It has been found
during experimental wind tunnel testing that these rudders have a large efficiency falloff with
increasing angle of attack [6]. A preliminary investigation into handling characteristics of the
Flying V showed that due to this efficiency falloff, insufficient yaw control was available in
certain critical operational situations [7]. The present study was therefore proposed to find a
feasible solution for creating more directional yaw authority for the Flying V. During a preceding
literature study it has been found that the addition of split flaps provides a promising solution.

This thesis will thoroughly evaluate the characterisation of implementing split flaps on
the Flying V through experimental investigation. First, valuable background information on
the Flying V and split flaps in general, as well as lateral-directional aircraft requirements, will
be presented in chapter 2. This will also reflect on the research objective and questions.
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Next, the methodology used throughout the research is explained in thapter 3. Following
the methodology, discusses the verification and validation performed during the
research. The wind tunnel results are then extensively presented and discussed in thapter 5,
after which a split flap conceptual sizing procedure is performed in thapter 6. This leaves the
conclusions and recommendations, which are presented in thapter 7.



Background

In order to give the reader more introductory knowledge about the thesis subject, this chapter
briefly presents the background of the research. It consists mostly of established information
from a literature study preceding the thesis work. First, it gives information about the Flying
V and some previous work on this novel aircraft. Next, the characteristics of split flaps are
elaborated and the required directional control requirements of CS-25 are discussed. Lastly,
the research objective and research questions are established, after which the thesis outline
is presented.

2.1. Flying V

As explained in the introduction, the Flying V is a novel flying wing design which fuses the
wing and fuselage to make a distinctive 'V'-shaped aircraft. The Flying V is a rather young
concept, created in 2015 by J. Benad [4]. The main reason for the radical design was to get
a higher aerodynamic efficiency than direct competitors such as the Airbus A350-900. The
Flying V project has been researched at Delft University of Technology since 2016. A render
of the current design of the Flying V is presented in figure 2.1.

J

Figure 2.1: Isometric view of the current Flying V design [8]

The design of Benad was first put through a multidisciplinary design iteration. This was
performed by Faggiano, who redesigned the planform to be aerodynamically more efficient,
while providing initial sizing of the aircraft systems [3]. A simple sketch of the more optimised
wing planform is shown in comparison to the initial design in . Faggiano claims a
maximum lift to drag ratio of 23.7 with a 12% reduction in subsonic drag. When comparing
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2.2. Split flaps 4

to the NASA Common Research Model, which is a conventional configuration benchmark, the
optimised Flying V design is 25% aerodynamically more efficient at its design cruise condition
[9].

In terms of directional control, Faggiano set some driving requirements for the initial sizing
of the winglet rudders. These included that for a One-Engine-Inoperative (OEI) situation, the
aircraft should be able to balance the asymmetric thrust with rudder deflections below 20°.
Additionally, the aircraft should be able to balance out a 11.5° sideslip for landing in maximum
crosswind conditions, again for rudder deflections below 20°. This winglet rudder sizing was
quite basic, as it was performed using some simple force and moment estimations.

— Conceptual Design - Airbus
— Preliminary Design

45

55m

Figure 2.2: Sketch of the Flying V planform by Faggiano [S]

After the findings of Faggiano, the studies on the Flying V were mostly performed on
systems level. Palermo and Johnson have contributed to the topic of stability and control
of the Flying V [6, 10]. Palermo has investigated the longitudinal static stability and control
parameters of the Flying V. In order to do so, he performed wind tunnel campaigns with a
4.6% Froude scaled half-wing model of the Flying V. Johnson analysed the effect of winglet
integration on the aerodynamic properties, as well as the effect of winglet rudder deflections.
In previous wind tunnel studies, the winglet was not taken into account. Their thesis is
therefore a valuable benchmark for the present study, in terms of the aerodynamic properties
of the model. Quantification of the aerodynamic influence of rudder deflections is given in
this paper, however, no conclusions are drawn as to whether the control power is sufficient.
Johnson’s findings are important for the current research, as the directional control power in
certain configurations can directly be compared.

In the context of the current thesis, the last notable study on the Flying V was the thesis
by Cappuyns [7]. In their work, he investigated the stability and control properties of the
Flying V. Based on several certification specifications of CS-25, it was concluded that the
current directional control allocation is not sufficient for several flight situations, among which
some specific OEI situations. From these conclusions, it was recommended to improve the
directional control authority of the aircraft. This could possibly be done through the application
of split flaps, which is the foundation of the current thesis.

2.2. Split flaps

As stated, the current research investigates the aerodynamic characteristics and feasibility of
split flaps in order to increase the Flying V directional control power. Since split flaps are not
common control effectors, this section will give the reader some background information on
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such devices.

Split flaps are a common solution for yaw control of pure flying wings. Such control devices
effectively consist of two flaps at the trailing edge of the wing which can be “split” apart. It thus
consists of an upper flap which deflects upward and a lower flap which deflects downward.
When the flaps on one wing half are split open, the flaps on the other wing are closed. This
will create an intentional drag force which will yaw the aircraft towards the deflected side.
The devices are therefore sometimes also described as ‘split drag rudders’. Split flaps have
been implemented in many fighter and flying wing designs in the past [5, 11], of which the
best known example is probably the Northrop Grumman B-2 Spirit. This aircraft is shown in
figure 2.3, where the split flaps can be seen at the trailing edge near the wingtips. Here, the
split flaps are used on both wings simultaneously for a secondary braking function.

Figure 2.3: Northrop Grumman B-2 Spirit during landing [12]

It is also possible that the upper and lower surface of the split flap are deflected together
to work as an ordinary aileron or elevator. Such an approach is for instance implemented
for the NASA X-48B BWB concept [13]. If the split flaps can both provide a rudder function
and aileron/elevator functions, the devices are sometimes described as ‘split ailerons’. An
illustration of a split flap cross section is presented in figure 2.4. Here it is shown how both
aileron and rudder modes can be created by using such control surfaces. It can be observed
that both modes have separate hinge lines. For the aileron mode, a central hinge line is used to
pivot both surfaces simultaneously. For the rudder mode, both surfaces have their own hinge
line. It is assumed in the present study that the split flaps to be implemented on the Flying
V can both work in rudder function and aileron/elevator functions. However, as the aileron
functionality of the outboard control surfaces is already investigated in previous theses, the
focus of the present study purely lies on the split (rudder) functionality. It should always be
kept in mind that when split flaps on one wing are used in split functionality, the flaps on the
other wing can be used in aileron/elevator functionality.

By deflecting the upper and lower surface, split flaps mostly create pressure drag, which
over a lever arm is converted to a yawing moment. The increase in pressure drag can be
explained by the higher inclination of the surfaces and the flow separation at the trailing
edges [15]. The pressure in front of the flaps is therefore high, while the pressure behind
the flaps is low. The skin friction drag is not really affected by the addition of split flaps as
the wetted area is generally not increased. The split control surfaces are usually placed as far
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Figure 2.4: Illustration of a split flap cross section [14]

outboard as possible, such that the lever arm to the centre of gravity is as large as possible.
This alleviates the need for very high drag forces, which could deteriorate proper performance
of the aircraft [16].

On aerodynamic level, several notions are made from previous studies, which are incor-
porated in the current research. Dorsett and Mehl show in their study into innovative control
concepts that split flaps can have a decrease in efficiency at higher angles of attack, due to
separation of the main wing [[11]. Decrease in efficiency can also occur due to interaction with
leading edge vortices [17]. In terms of sideslip, the efficiency of the split flaps is not signifi-
cantly altered for low to moderate angles [18]. The split flaps are generally found to be highly
coupled. They do not only affect drag and yaw, but also lift, sideforce, pitch and roll [11].
Lochert et al. have investigated split flaps for yaw control of a tailless aircraft configuration
[17]. They found that the adverse effects on roll and pitch could potentially be decreased by
setting different upper and lower flap deflections. Additionally, split flaps might cause adverse
interaction effects with other properties of the wing, such as the control surfaces near the split
flaps. This can be through vortex interaction or through the pressure differences close to the
split flaps [19].

2.3. Lateral-Directional Control Requirements

Ultimately, the point of adding split flaps to the Flying V is to ensure that the full scale aircraft
has enough yaw power. As any other large aeroplane, the Flying V has to adhere to the rules
and guidelines as stated in CS-25. This document lists the certification specifications and
acceptable means of compliance for large aircraft, and is published by the European Union
Aviation Safety Agency (EASA) [20]. Several requirements in terms of directional control are
therefore retrieved from CS-25. The driving requirements in terms of lateral-directional control
are described in this section. These are later used to identify a proper split flap configuration
for the full-scale Flying V.

2.3.1. Sign convention

Before we get into the technical requirements, the sign convention for lateral-directional mo-
tions is shown. Throughout the report, the sign convention as presented by to 2.7
is used.
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Figure 2.5: Directional sign convention Figure 2.6: Sideslip sign convention

Figure 2.7: Lateral sign convention

2.3.2. CS 25.143: Controllability and Manoeuvrability

Several manoeuvring capabilities are specified in this section of CS-25. In terms of lateral-
directional control, it is stated in subparagraph (h) that: The manoeuvring capabilities in a
constant speed coordinated turn at forward centre of gravity, as specified in the following
table, must be free of stall warning or other characteristics that might interfere with normal
manoeuvring.

Table 2.1: CS 25.143(h) manoeuvre specifications [20]

Manoeuvring bank angle

Configuration  Speed in a coordinated turn

Thrust/power setting

Take-off A 30° Asymmetric WAT-limited
Take-off V, + xx 40° All engines operating climb
En-route Vero 40° Asymmetric WAT-limited
Landing Vo, 40° Symmetric for -3° flight

path angle

In the investigation into the handling qualities of the Flying V, Cappuyns has also performed
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calculations for this requirement [7]. He concluded that the first specified manoeuvre was
difficult to be certified with the ordinary directional control allocation. This take-off manoeuvre
will therefore be one of the requirements for the current research. As compliance was shown
for the other three situations, these will not be handled.

2.3.3. CS 25.147: Directional and lateral control

This section of CS-25 is the most demanding in terms of lateral-directional control properties
of large aircraft. It poses 4 requirements which will be assessed in the final sizing. First of all,
subparagraph (a) on general directional control states: It must be possible, with the wings
level, to yaw into the operative engine and to safely make a reasonably sudden change in
heading of up to 15°in the direction of the critical inoperative engine. This must be shown at
1.3 Vgg,, for heading changes up to 15°, and with -

~

. The critical engine inoperative and its propeller (if applicable) in the minimum drag po-
sition;

2. The power required for level flight at 1.3 Vsg,, but not more than maximum continuous
power;

3. The most unfavourable centre of gravity;

4. Landing gear retracted;

5. Wing-flaps in the approach position; and

6. Maximum landing weight.

shows the yawing moment caused during a starboard OEI situation. The split
flaps and winglet rudders thus have to create a counteractive yawing moment on top of the
needed yawing moment to change the heading of the aircraft. It should be noted that this
requirement might be ambiguous to asses, as ‘reasonably sudden’ is not specific. It is stated
in the Acceptable Means of Compliance (AMC) that this requirement is mainly in place to show
that the aircraft can yaw without further application of bank angle.

Figure 2.8: Illustration of a OEI situation
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Next, subparagraphs (c) and (d) specify requirements regarding the lateral control of the
aircraft. While the present study is not on the sizing of the ailerons, it is shown in Cappuyns that
adequate yaw control is needed during turning flight with OEI [7]. Subparagraph (c) states:
It must be possible to make 20° banked turns, with and against the inoperative engine, from
steady flight at a speed equal to 1.3 Vs , with —

1. The critical engine inoperative and its propeller (if applicable) in the minimum drag po-
sition;

The remaining engines at maximum continuous power;
The most unfavourable centre of gravity;
Landing gear both retracted and extended;

Wing-flaps in the most favourable climb position; and

S v A W DN

Maximum take-off weight;

In practise, this requirement looks a lot like CS 25.143(h), but with several other configu-
ration settings.

Paragraph (d) of CS 25.147 states: With the critical engine inoperative, roll response must
allow normal manoeuvres. Lateral control must be sufficient, at the speeds likely to be used
with one engine inoperative, to provide a roll rate necessary for safety without excessive
control forces or travel. More information is provided in the AMC, where it is explained that
with a OEI situation, the aircraft should be able to roll from trim at 30° bank angle, to a bank
angle of 30° in the other direction within 11 seconds. This has to be done for I, at maximum
take-off weight.

2.3.4. CS 25.161: Trim

This section of CS-25 has some final demanding lateral-directional control situations for which
certification testing should be performed. Subparagraph (b) on lateral and directional trim
states the following: The aeroplane must maintain lateral and directional trim with the most
adverse lateral displacement of the centre of gravity within the relevant operating limitations,
during normally expected conditions of operation (including operation at any speed from 1.3
Vsr, s t0 Vio/Muo)-

This requirement is performed for one of the most directionally adverse condition of opera-
tion, which is during low speed crosswind conditions. From the AMC 25.177(c) it is found that
the appropriate sideslip angles for normal operation can be calculated using equation (2.1).
Here, the airspeed should be implemented in knots, as the calculation is performed with a
theoretical 30 knot crosswind.

B = arcsin30/V (2.1)

illustrates what the Flying V looks like in crosswind conditions, due to a crosswind
v. The sideslip creates a restoring yawing moment N, mainly caused by the vertical tailplanes.
In order to maintain straight, steady sideslipping flight, the value of N has to be counteracted
by the winglet rudders and split flaps.

Additionally, subparagraph (d) of CS 25.161 states another situation where directional con-
trol has to be sufficient enough for trim: The aeroplane must maintain longitudinal, directional,
and lateral trim (and for lateral trim, the angle of bank may not exceed 5°) at 1.3 Vs, during
the climbing flight with —
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1. The critical engine inoperative;
2. The remaining engines at maximum continuous power; and

3. The landing gear and wing-flaps retracted.

2.4. Research objective and questions

Based on the known information from previous Flying V and split flap studies, the research
objective and research questions for the current thesis work are set up. The research objec-
tive can be summarised as:

”To identify the general aerodynamic behaviour of split flap implementation on the Flying
V by performing wind tunnel tests and to improve the Flying V directional control power by
carrying out a conceptual split flap sizing procedure based on certification requirements.”

In the context of this objective, several research questions are set up. The aerodynamic
behaviour of the split flaps, and its performance in different configurations, is central for the
research. For this, the investigation into the behaviour of the created yawing moment is the
most important feature. Additionally, interaction effects should be investigated and mitigation
of adverse split flap effects should be highlighted. Lastly, an effort for the conceptual sizing of
the split flaps can be an important step for future investigation of these devices. The research
questions are then as follows:

* What is the effect of split flaps on the directional control power of the Flying V?

What is the effect of split flaps on the rest of the Flying V aerodynamic parameters?

What is the effect of split flaps on the effectiveness of surrounding control surfaces?

How are adverse split flap moments mitigated by the application of:
- differential deflection between upper and lower flap?
- global rotation of the split flaps?

What would be an appropriate conceptual split flap geometry for the full size Flying V,
such that the aircraft adheres to the lateral-directional control requirements of CS-25?



Research Methodology

This chapter discusses the methodology which has been implemented during the preparation
and execution of the research. It will first discuss how the split flaps are designed, and how
these are implemented on the Flying V wind tunnel model. The wind tunnel setup is presented
next, including an explanation of the model measurements and calculations. Finally, this
chapter extensively discusses the way that the conceptual split flap sizing is performed for the
full-scale Flying V.

3.1. Split flap design

The way that the split flaps were designed for the wind tunnel model is explained in this section.
As split flaps are generally unconventional, no real design or sizing methods could be found
from literature. Their design methodology is therefore thought up on the fly, purposefully for
the Flying V outboard wing section. This section evaluates the chosen design rules, explains
the directional control design point and shows the way that the split flap performance is
estimated. It concludes with the presentation of the tested split flap designs.

3.1.1. Split flap model design rules

No real design rules on split flap design can be found in literature. For this reason, the design
rules in the present study are adapted from previous split flap research and the Flying V half-
wing geometry. As split flaps are best suited on the outboard wing sections, it is chosen to
investigate replacing part of the current outboard control surfaces by split flaps. This has
several implications on the design space of the split flaps. These implications, and other
design choices are explained below. and B.2 are included to help visualise the
design rules. The first figure highlights the outboard section of the wing, while the second
figure presents a cross section along this outboard section. The design rules are as follows:

1. The split flaps will replace part of the current outboard control surfaces. The upper and
lower flaps are also envisioned to be able to work together, to act as elevon, similar as
the part of the control surfaces that they replace. The replacement provides that the
central hinge line of the total device is similar as the current control surface hinge line,
ultimately meaning less difficulty in split flap integration.

2. The split flaps are located as far outboard as possible, as this increases the effectiveness
of the flap and thus alleviates the amount of drag that is needed. As the split flaps
will replace part of the current control surfaces, the most outboard location of the third
control surface (CS3) is chosen as the begin point of the split flaps. This is highlighted

in with the blue line.

11
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split flap
outboard lim:

Figure 3.1: Top view of the left wing wind tunnel model including highlighted detail on the outboard wing section.

3. The width of the split flap (bsf) is a free design parameter. It is defined as the length
from the start points towards the inboard direction of the wing, parallel to the control
surface leading edge. This is indicated in with the dotted blue line.

4. The separate hingelines of both the upper and lower split flap are located at the thickest
point of the control surface geometry. This is true for each point along the split flap
width. This rule effectively restrains the sweep of the split flap 4. The thickest point
of the control surface is indicated in with a red line and in with a
black dotted line.

5. The outer curvature of the split flaps have the same curvature as the current control
surfaces. This is true for each point along the split flap width. This is done to make sure
that the non-deflected split flaps have the same geometry as the current outboard control
surfaces, so operation in elevon configuration would not be changed. This process is
visualised in figure 3.2, where the second cross section shows the red line for the upper
surface curvature and the blue line for the lower surface curvature.

6. Both curvatures rotated over an angle &, which is visualised in in the third
cross section. This process creates the split. The deflection angle &, is therefore also
a free parameter. If not specified otherwise, the deflection angle of the upper flap &,
is equal to the deflection angle of the lower flap &,f,.

7. Lastly, the split flaps are given some inside thickness for 3D-printing and stiffness pur-
poses. It is assumed that this does not affect the aerodynamics of the split flaps. This
step is visualised in in the last cross section.

In the early design stage, also more inboard split flap placements were considered. A
more inboard starting point placement could result in a slightly smaller required width due to
the taper of the control surface planform. While investigating a variable split flap placement,
it was found that the width could maximally be decreased by about 10%, by placing the split
flaps at the most inboard location of CS1. However, this would require a drag increase of
about 42% in order to get the same amount of yawing moment. It was therefore deemed
that the decrease in b;s would not outweigh the needed increase in drag, hence resulting in
the second design rule.
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Section cut B-B

Figure 3.2: Section cut B-B from figure 3.1, including visualisation of the split flap design

Throughout the report it is presumed that if the flaps on one wing are split open, the flaps
on the other wing are closed. The split deflections 8, are created by placing 2 small brackets
between the split flap and underlying control surface. These brackets are also 3D printed and
fit accurately between the outer geometry of the control surface and the inner geometry of
the split flaps. Brackets have been created for both the upper and lower split flaps to create
deflection angles of 10, 20, 30, 40, 50 and 60 degrees. The brackets are attached to both
surfaces with double sided tape and provide additional stiffness to the flaps. It is assumed that
the brackets, as well as the part of the control surface on which the split flaps are attached,
do not interfere with the aerodynamic results as they are located in the wake of the split flap.

3.1.2. Estimation of split flap performance

Yasim et al. include a small discussion on the initial sizing process for a split flap in their paper
[15]. It is stated that before high-fidelity testing can confirm the exact split flap geometry, a
simplified sizing approach is necessary. It was thus decided to perform an initial sizing process
such that split flaps of roughly the correct geometry could be tested in the wind tunnel. For
this, an estimation of the split flap performance had to be performed. As already stated, the
split flaps create yaw by exerting an increase in drag and sideforce on the outboard sections
sections the aircraft. So in order to estimate the amount of yaw that is created by a particular
split flap, the amount of created force had to be estimated.

First, the case where the airflow is hormal to the split flap height is considered. The 2D
normal drag force coefficient (Cp ) based on the frontal area of several shapes is found in the
work by Hoerner [21]. represents the 2D Cp, for wedges per half-vertex angle. This
coefficient is based on the area of the wake of the wedge S,. It is assumed that split flaps
work in a similar fashion as such wedges, in the analogy that 6, equals the half-vertex angle.
In addition, was found in the work by Hoerner. This figure shows the decrease of
2D coefficients to 3D coefficients, based on the height to span ratio of the frontal area. The
properties in figure 3.3 and figure 3.4 are therefore combined to estimate the total 3D Cp,
value for the split flaps, at a certain by, and &s¢. Note that as the outboard wing section is
tapered, the chord (and thus height) of the split flap along its width is not constant. For this
reason the average height of the split flap frontal area is used in the computations of its 3D
Cp., -

It is further discussed by Hoerner that Cp,, remains approximately constant for small to
medium sweep angles (below 45°) [21]. The total normal force is decoupled into a sideforce
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Figure 3.4: Decrease of coefficient with their height to span ratio [21].

and drag force using the split flap sweep A, ;. This is also shown in figure 3.5, where the created
yaw due to split flaps is visualised. For a split flap with a certain bsr and J,¢, the amount of
created yawing moment could now be estimated by translating the drag and sideforce over
their lever arm distances x,; and y;.

3.1.3. Preliminary split flap sizing

The chosen preliminary design point is trim in a low-speed One-Engine-Inoperative (OEI)
situation, where the directional control allocation has to balance out the asymmetric moments
while leaving some control power for manoeuvring. Situations with OEI usually require a lot
of directional control power and can be demanding for the available directional control power
[22]. This design point could be quickly determined at this stage of the research, with the
unknown behaviour of split flaps with angle of attack and the little time available for preparation
of the wind tunnel tests. Later in the research, reported in section 3.3, a more appropriate
design point based on the rules and regulations of CS-25 is defined for the full-scale Flying V,
after which a conceptual sizing is performed by making use of the wind tunnel data.

In a OEI situation for a twin-engine aircraft, one of the engines is defective, while the other
engine has to produce high thrust to keep the aircraft from losing velocity. Additionally, the
defective engine will produce extra drag due to windmilling [23]. This asymmetric condition
will therefore produce a lot of yawing moment, which has to be balanced by the directional
control devices. The produced OEI yawing moment coefficient due to the engines is defined
in equation (3.1). Here, AT encapsulates both the increase in thrust of the working engine
and increase in drag of the defective engine. It is assumed both engines are distanced equally
far from the aircraft centre of gravity, which is represented by the moment arm yep,gine-

C _ Yengine
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Figure 3.5: Illustration of the created forces by a split flap on the outboard wing

AT is taken as the equivalent bare engine take-off thrust of the Trent X\WB-84 engine [24],
a similar approach as taken by Cappuyns [7]. It is assumed that this maximum thrust value
is a decent overestimation in order to also account for the additional drag of the defective
engine. The dynamic pressure is taken at sea-level conditions, at a velocity of 80 m/s.

The winglet rudders work together with the split flaps in order to create the required yawing
moment to oppose the OEI yawing moment. Here, any possible interaction effects between
the two control surfaces are neglected. The yawing control power of the winglet rudders is
found from the work by Johnson [6]. A winglet rudder deflection of 20 degrees is set, as
suggested by Faggiano [E]. This seems like a low maximum rudder deflection, but this would
leave room for manoeuvrability of the aircraft.

Assuming the split flaps will have a &5, of 60°, the required split flap width can now be
calculated. At a = 0°, where the split flap yaw estimation is deemed most accurate, a split
flap of approximately b;; = 150mm is needed. Due to the varying effectiveness of the winglet
rudders with increasing incidence angle [6], and the simplifications in the preliminary sizing
procedure, it is chosen to also test a smaller and larger size split flap. This also allows the
investigation of possible size effects.

Three split flap configurations are created for the wind tunnel model, with widths of
100mm, 150mm and 200mm. Additionally, a fourth configuration of roughly 220mm is cre-
ated. This fourth configuration spans the whole width of CS3 and can be used for several
research questions. A top-view of the 4 split flap configurations is presented in figure 3.6.

3.2. Wind tunnel model and measurements

In order to give the reader more context on the experiments that have been conducted during
the research, this section will present the wind tunnel setup and the type of measurements
that were performed.

3.2.1. Open Jet Facility
During the thesis work, wind tunnel campaigns were to be performed in the Open Jet Facil-
ity (OJF). This is a low speed, closed circuit wind tunnel, located at the Delft University of
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Figure 3.6: Top-view of the Flying V model including outboard detail view highlighting the areas of SF10, SF15,
SF20 and SF22.

Technology. It has an octagonal jet, with both width and height equal to 2.85 meters, which
introduces the flow into a larger open test section. The maximum test section velocity is about
35 m/s. A schematic of the wind tunnel facility is presented in figure 3.7.

Figure 3.7: Schematic of the OJF facility [25]

3.2.2. Flying V model and setup

In the OJF, use is made of a half-wing model of the Flying V. This model is created by applying
geometric Froude scaling laws to the full-scale concept geometry, as described by Palermo
and Viet [[10, 26]. The resulting model is a 4.6% scaled half-wing model which can be used
on a turntable in the wind tunnel facility. As a result of the scaling, the model has a half-span
of 1.495 meters. A detailed summary of the model dimensions can be found in the work of
Palermo or Johnson [6, 10]. The model has a set of four adjustable control surfaces: 3 trailing
edge control surfaces on the outboard section (CS1, CS2 and CS3), and 1 control surface in the
winglet which acts as a rudder (CSR). The outboard wing section is fitted with a carborundum
trip strip, as recommended by van Uitert [27].
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The major disadvantage of using a half-wing model is that only the case of zero sideslip
can be investigate in the wind tunnel. No asymmetric flight conditions can be correctly ex-
perimented, while such flight conditions can be of major interest for investigating directional
control power. It is assumed for now that this is not detrimental for predicting the split flap
effectiveness, as Lochert et al. show that low to medium sideslip angles do not have a signif-
icant effect on their split flaps performance [17]. This assumption might however not hold,
due to the sweep angle of the split flap hinge lines in the current research.

The half-wing model is mounted on an external balance, which is connected to a turntable.
This way, the aerodynamic forces and moments subjected on the model can directly be mea-
sured for varying angles of attack. A three view schematic of this model is presented in

g 8. In this picture, also the octagonal jet, the turntable and external balance are
projected.

3.2.3. Measurements and processing

The raw forces and moments are measured in the x-, y- and z-direction of the external balance
reference system, subscript EB in figure 3.8. Each measurement is a time averaged result of
a 10 second period in which data is taken at a 2000Hz frequency. This is done to mitigate
the random error caused by turbulence, vibrations in the model and the high sensitivity of the
external balance. The measurements on their own do not provide valuable information for the
research, as they have to be transformed to the reference system of the wind tunnel model
(subscript WTM). Both the orientation and origin of the EB reference system have to be
transformed to represent the WTM reference system. The transformation from the external
balance system to the wind tunnel model system is given by the matrix multiplications in

and gquation (3.3).

Xeg = 1360
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Figure 3.8: Side and back view of the wind tunnel test setup

ﬁWTM = REB—WTMﬁEB (3-2)

MWTM = REB—WTMMEB + ?EB—WTM X REB—WTMFEB (33)
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-1.0 0
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0 10
Tep—wrm = | Xref Yrer Zrer | =[ 0349 0.696 0.008 | (3.5)

Both the external balance and the wind tunnel model are connected on the turntable,
meaning that both reference frames rotate with angle of attack a. The pitch, roll and yawing
moment are related to the aircraft body system, while the lift, drag and sideforce are related to
the aerodynamic reference system. The latter system is defined by the rotation of the aircraft
with the airspeed vector. The reason for choosing two different systems is to stay in line with
previous Flying V wind tunnel experiments, to allow direct comparison with previous results.
When following these definitions, the aircraft aerodynamic parameters can then directly be
related to the external balance forces and moments as follows:

L = —F,, sin(a) — F,_, cos(a) m =My, + F .Vrer — ByppXrer
D = F,_, cos(a) — F,, sin(a) l=—=My,, +FpZres + FoppVres
Y= Frpp n= My, + EppZres + FoppXres

The model aerodynamic coefficients can consequently be set up by normalisation as:

L m
D l
Y n

The influence of split flaps is evaluated by taking the delta between the clean wing and the
wing including deflected split flaps. When for instance looking at the influence of split flaps
on the drag coefficient, the split flap influence is isolated as: AC, = Cp, ¢~ Cbjean- Most of
the results in this paper refer to AC values instead of the absolute values of C.

In order to support several findings in the data, and to investigate possible flow field
changes due to the split flaps, also several tuft photographs have been taken. For this, yarn
tufts of about 4 to 5 cm were taped to the model outboard wing surface, with a spacing of
about 2 cm between the tufts.

3.2.4. Test matrix

It has been shown in previous researches that the Flying V has an unstable pitch brake between
15 and 20 degrees angle of attack. Additionally, the stall lift coefficient due to control surface
limitations has been estimated to occur around 28.5 degrees angle of attack [26]. In order
to get a full view of the split flap behaviour and range of applicability, it is chosen to apply
an angle of attack range from -10 to 30 degrees. For some cases, such as higher tunnel
velocities and high deflection angles, the load limit of the external balance was reached or
large vibrations of the model were found. This resulted in a smaller maximum angle of attack
range for certain runs. A summary of the test matrix can be found in ppendix A.
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3.2.5. Corrections

Itis common in wind tunnel testing to apply several post-processing corrections to the acquired
data. This is for instance to correct for the enclosing walls of the wind tunnel, which can
interfere with the behaviour of the air around the model. Ewald [28], Garner et al. [29] and
Barlow et al. [30] describe various open jet wind tunnel corrections which could be applied
to the measurements in the OJF. The corrections mostly consist of factors concerning lift
interference corrections and blockage corrections. The first has to do with discrepancies in
inflow angle, while the latter concerns differences in the flow velocity.

In an investigation of the free flight Flying V sub-scale model, it was shown by Ruiz Garcia
et al. that the wind tunnel experiments have discrepancies with the free flight data, which
could be resolved by applying wind tunnel corrections [31]. However, Garcia [32] and Viet [26]
have discussed the application of such corrections for the half-wing model of the Flying V in
the OJF. They both conclude that it is best to not apply such corrections to the measured data.
The assumptions for the corrections are not guaranteed to hold during the experiments, and
non-linear or asymmetric portions of the data are not deemed correctable with the suggested
corrections from literature. It is therefore chosen to not apply any flow corrections in this
research.

A source of error which has been corrected for in this study is the measurement bias of the
external balance. Over time, the bias of the external balance was found to drift, which can
cause a systematic error in the measurements. It is assumed that this bias is build up linearly
over time. Zero-velocity runs were taken before and after each run, in order to measure the
initial and final bias of the external balance. The corrected forces and moments were then
linearly deducted at each timestamp during the run.

The split flaps are manually attached to the wind tunnel model and interchanged between
each of the runs. Although special care was taken to ensure correct placement and orientation,
alignment was done by eye. It is thus inevitable that some small systematic errors could be
present in some of the measurements.

3.2.6. Uncertainty analysis

The outcome of the wind tunnel experiments are not constant. This is due to random error
caused by aerodynamic disturbances or model vibrations. In order to establish the confidence
in the results, the uncertainty of each datapoint has been evaluated. Previous researches have
commonly repeated datapoints three times to raise the confidence in the results [6, 33, 34].
This low number of repetitions is however deemed too small, as one outlier would be too
influential on the certainty of your measurement. Therefore, each model configuration and
angle of attack setting has been repeated 5 times. This would raise the level of certainty of
the results, at the cost of a longer test time per configuration.

It is assumed that the aerodynamic measurements are normally distributed, but as the
sample size is still relatively low and the standard deviation is not readily known, it is chosen
to model the probability as a t-distribution [35]. The mean and standard deviation for a set
of samples x; with sample size n is then presented as pquation (3.6) and equation (3.7). The
lower and upper bound of the error in the measurements can consequently be calculated using
Eequation (3.8). In this equation, the t-factor t,_, is related to the sample size and the used
confidence interval.

n
1Xi

n=— (3.6)

n 2
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(o xy) = i £ tn_l% (3.8)

3.3. Split flap conceptual sizing procedure

As explained in bection 2.3, the Flying V has to adhere to several lateral-directional require-
ments for the certification according to CS-25. This includes the demonstration of several
directionally challenging situations. This section describes the methodology on the conceptual
sizing procedure of the split flaps, by making use of the captured wind tunnel data. Showing
compliance with the regulations specified by CS-25 for the full-scale Flying V is central for the
sizing methodology. First, the calculation approach of how much yaw power is required from
the split flaps is explained. This includes the explanation of a simple linear flight mechanics
model and additional assumptions that are made for the calculations. After this, it is shown
how the required split flap size can be extrapolated from the wind tunnel data.

3.3.1. Flight mechanics model
Previously, during the preliminary sizing of the split flaps, the design point was taken as a
simple OEI situation where the directional instabilities had to be trimmed away by combination
of the winglet rudders and the split flaps. For the conceptual sizing of the split flaps, it is
defined that the split flaps should provide enough yaw control such that each lateral-directional
control requirement of CS-25 is satisfied. The requirements are summarised in section 2.3.
In order to show compliance, a simple asymmetric flight mechanics model is set up for the
full-scale Flying V from which it can be extrapolated how much yawing moment is required
from the split flaps. It was chosen to limit the model to the asymmetric degrees of freedom, as
small symmetrical flight disturbances would not influence the amount of required yaw control,
and would thus not influence the required split flap design. It is mainly in place to indicate
which flight regulations are the most demanding in terms of directional control, and it will
provide an estimation of the amount of yaw power that is required from the split flaps.

Equations of motion
The creation of a high-fidelity simulation model for the Flying V including split flaps was con-
sidered out of the scope of the project. Judging on the work of Cappuyns [7], a lot of work has
to go into making a highly accurate flight mechanics model which could be enough material
for a whole new thesis subject. Cook states in his work on flight dynamics that for investi-
gation of aircraft handling qualities in the conceptual design stage ‘it is common practice to
conduct handling qualities studies using reduced order dynamic models derived from the full
order equations of motion’ [22]. The present study therefore makes use of a simplified asym-
metric model, to give first-order estimation on how much yaw power is required from the split
flaps. For this reason, the equations of motions are linearised by applying a first order Taylor
expansion. This decouples the symmetric and asymmetric degrees of freedom, so that the
asymmetric considerations of adding split flaps could be investigated individually. The lineari-
sation is performed about a steady, straight and symmetric flight condition, since on average,
this flight condition is closest to all prescribed flight conditions for the certification. Due to this
simplification, only 1 system has to be used throughout the calculations, but the model will
be less accurate at higher values of ¢ and B. At this stage of the design process, the model
was deemed sufficient to investigate the critical lateral-directional requirements and to give a
first order estimate of the amount of yaw power that is required from the split flaps.

The asymmetric equations of motion in non-dimensional form are presented in matrix
form in pquation (3.9). Their derivation is adapted from the work of Mulder et al. [36]. It

represents the states of sideslip angle g, bank angle ¢, normalised roll rate %, normalised
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yaw rate % and yaw angle . In the equations, Cz, is the aircraft weight component in the
body z-axis, D, is a normalised time derivative term, y, is a relative density term and K,/K,,
are non-dimensional radius of gyration terms. Furthermore, 6, is the initial value of the pitch
angle in steady flight.

_ Cyg + (Cyp - Z,Ub) Dy  Cz, Gy, +4upsin(By) Cy, — 4up cos(6p) 0 B
0 _%Db 1 tan(6,) 0 42
p
Cng + Cny Dy 0 Cn, + 4upKxzDp  Cn, — 415 K7Dy 0 ;_V
1 1
0 0 0 P _ED” Y
- C -
0 —(&/Gn )Sf B CY5 o CY5 cs1 CY5 cs2 CY5 cs3 7Cl'asym
0 0 0 0 0 0 gsf
0 —(C/Cn)sy _Cl5r _Cl5c51 _CISCSZ _Cl5653 o) .
-1 -1 —Cps. —Cng.. —Cpy  —Cny ¢St
r cs1 cs2 cs3 Ocsa
0 0 0 0 0 0 5
cs3

(3.9)

Aircraft parameters

The mass and moment of inertia were taken from the work of Cappuyns [7], and the stability
derivatives of the Flying V were taken from the work of Ruiz Garcia et al. [31]. It is assumed
that the value of K,, is negligible based on the values reported by van Overeem [37].

It is chosen to make the split flap influence purely in terms of C,,_ ; instead of §,;. This
allowed direct calculation of the required value of C,,_ - without knowing the actual split flap ge-
ometry. This approach was possible as the behaviour of the ratios for (Cy/C,)sr and (C,/Cy)sr
with a were found to be roughly independent of the measured split flap sizes.

The rudder control derivatives were taken from Ruiz Garcia et al. [31], but they were
adjusted to fit the decrease with angle of attack as mentioned by Johnson [6]. The derivatives
of the other trailing edge control surfaces have not been taken from the report of Ruiz Garcia
et al., as they did not evaluate each surface individually. These derivatives with respect to
the control surfaces CS1, CS2 and CS3 were therefore calculated using wind tunnel data from
Johnson [6], Erdincler [33] and own captured data. At each time, only one of the two CS3
surfaces is used as aileron, either deflected upward or downward, so that the other wing can
possibly deploy split flaps. It is assumed that the control surfaces and rudder have maximum
deflections of 30 degrees, which is typical for trailing edge control surfaces according to Obert
[38].

The yawing moment due to the inoperative engine (C,,,,) is calculated similarly as in
bection 3.1.3, but a better approximation of AT is implemented. The thrust of the working
engine is set to maximum continuous power, which would be the worst-case scenario as
suggested by the requirements. The additional drag of the inoperative (windmilling) engine is
estimated using the work of Litt et al. [23], with the engine dimensions reported by Pascual
[39]. AT is then the sum of the maximum continuous thrust of the working engine and the
added drag of the windmilling inoperative engine.

Trim calculations
To show compliance with several CS-25 regulations, mostly trim calculations had to be per-
formed. These calculations could individually be used to determine equilibrium input settings
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to show compliance with the trim, sideslip or coordinated turn regulations. This ultimately
means that the accelerations on the aircraft have to be zero. The trim calculations can give
rise to how much ¢, ;s required per each CS-25 regulation.

The trim functions are presented in pquation (3.10). The purpose of the trim functions is
that the asymmetric accelerations are kept at zero, so that a steady situation is created. The
asymmetric accelerations can be simply deducted from the equations of motion, presented in
Eequation (3.9). The trim functions can be solved for the values of 8, ¢, Scs1, Scsa, Scsa, 8, and
Crgp- Specific per situation, some of these values are prescribed, either by the requirement or
the motion that is to be flown.

(3.10)

I
o o o

p
p
r‘

For the trim in roll, p has to be made equal to 0. The can be done in an infinite amount of
combinations of CS1, CS2 and CS3. It is therefore specified that first §.; is calculated, then
Scs2 and lastly 8.5,. Each deflection is calculated according to the amount of rolling moment
that is required. If a calculated deflection is greater than the maximum deflection angle of 30°,
the deflection angle is set to that maximum value of 30°, after which the next CS deflection
can be calculated.

For the trim in yaw, 7 has to be made equal to 0. This is done via the deflection of the
rudder. The value for &, is calculated according to the amount of yawing moment that is
required. Again, if the calculated deflection exceeds the maximum possible deflection angle
of the rudder, it is set at that maximum deflection. If more yaw control is needed, the split
flaps are deployed on one of the wings, giving rise to a required Crgy

For the trim in steady sideslip, # has to be made equal to 0. In this case, a small bank
angle ¢ is induced to offset the lateral forces. It is checked if this bank angle for steady
heading sideslip remains below 5°, as prescribed by CS-25 [20].

For the trim in a level coordinated turn, the yaw rate of the aircraft is not kept at zero,
but at a non-zero steady value. This creates a centrifugal force which offsets the lateral force
components to keep the sideslip at zero. For coordinated turns, first the value of r is solved
for, after which the values of &,., Cy, ; and &, are solved to trim for accelerations in yaw and
roll.

Linear simulations
By rewriting the equations of motion into a state-space system, short linear simulations can
be created for an arbitrary set of inputs of the Flying V. This is used for simulating yaw motions
and bank-to-bank manoeuvres, according to the CS-25 regulations. As the equations of motion
are quite simplified, these simulations will be mostly qualitative of nature, but can give insight
whether these motions are critical for the lateral-directional control of the aircraft. No specific
calculations of the amount of required C,,_ . could be linked to these simulations however.

In order to simulate linear motions for a certain set of aircraft inputs, a state-space system
is created in the form:

%= Ax + Bu (3.11)

This is done by using the following relations:

Px = Qx + Ru (3.12)
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X =P 'Qx + P 'Ru = Ax + Bu (3.13)

Here, the state vector x is given in pquation (3.14) and the input vector u is given in
equation (3.15). They follow the same logic as the equation of motion, so matrices P, Q and
R can simply be adapted from kequation (3.9). By using the state vector in kquation (3.14),
the sideslip angle, bank angle and yaw angle can be outputted from a linear simulation over
a short period of time. The inputs and initial states are calculated using the trim calculations.
At any time, the inputs are adjusted with the trim relations so that any required trim in roll
or yaw is maintained throughout the manoeuvre. From the simulations, the compliance with
CS-25 can be monitored for specific aircraft inputs and it can be indicated whether additional
yaw power would required from the split flaps.

_ pb b
X—[ﬁ ¢ v 7 l/}] (3.14)
1
uz[CnaSym Cnsf 6y bcs1 Ocs2 5653] (3.15)

Trim iteration

As the output of each trim loop will affects its own equilibrium state, an iteration loop is
implemented. This is done both for the static trim calculations and the trim during the linear
simulations. It is shown in that sufficient iteration of the trim functions will give rise
to a steady system. Here, the input of .55 for a OEI level yaw motion is presented, where
the input is calculated via the trim relation for roll and is iterated 100 times. It is seen that
steady values of the .55 input are found after about 10 iterations. All trim calculations are
iterated 100 times to ensure a steady system.
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Figure 3.9: Example of the trim input of &.¢; per iteration i.

Model limitations

As discussed, the flight mechanics model consists of a single set of simplified linearised equa-
tions of motion. This allows straightforward calculations of purely the asymmetric motions of
the aircraft. It however also limits the accuracy of the model. The largest inaccuracies will
be found far away from the symmetrical flight situation. In the situations that are specified
in the requirements, bank angles up to 30 degrees are required. This will have an influence
on the values of 8, ¢ and . For the trim calculations in a coordinated turn, this will probably
results in a slightly conservative yaw estimation, as the yaw rate will be somewhat overes-
timated. Furthermore, this will result in accumulative inaccuracies in the linear simulations.
The simulations are therefore mostly qualitative of nature, in order to assess whether these
are critical for the yaw power sizing of the aircraft. It is later shown that the simulations are
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in fact not critical for the sizing of the split flaps. The setup of this model is therefore thought
to not be too intrusive for calculation of the required C,,_ . The consequences of the model
simplification are highlighted in the validation process.

The effects of weight and balance have not been incorporated in the flight mechanics
model. In reality, shifting centre of gravity positions will induce varying control surface effec-
tiveness, due to a variation in their respective lever arm. This will in fact make the calculations
slightly less conservative, as calculations for the most adverse centre of gravity location were
not performed. Further aft centre of gravity locations would require larger split flaps, as the
rudders would become somewhat less effective.

The longitudinal parameters of the aircraft have been neglected. This also includes any
required trim elevator deflections or required thrust variations due to split flap deflection.
Velocity, thrust or pitching rates changes could also influence the asymmetric states of the
aircraft.

3.3.2. Reynolds number scaling

The certification has to be performed with the full size Flying V characteristics. However, due
to small Reynolds numbers during the experimental testing of the Flying V sub-scale model,
some discrepancies are expected with respect to a full-scale aircraft. Most notably for the final
sizing, the maximum lift coefficient and lift curve slope are underestimated during the wind
tunnel testing. These parameters are important, as they determine the reference velocities
for the calculations.

The absolute maximum lift coefficient of the wind tunnel model, as reported by Viet [26],
is equal to 0.95 at « = 28.5°. In their report also a ‘safe’ stall lift coefficient was reported as
equal to 0.73 at « = 20°, where a pitch break changes the sign of the static stability. This
latter condition is used as the maximum usable lift coefficient. It is assumed that the pitch
break tendency of the Flying V is not significantly altered by larger Reynolds numbers. The
maximum usable lift coefficient is therefore taken at 20 degrees angle of attack.

Using the full scale C,, from the work of Oosterom [40], with the zero-lift angle of attack,
the maximum usable lift coefficient is estimated to be equal to 0.915 at @ = 20°. With this
value of ¢, , the reference stall speed Vsg, can be calculated.

It is reported by Barlow et al. [30] that the larger Reynolds number can also increase the
control surface efficiencies. However, applying corrections for the control surface efficiency
would be quite ambiguous. Judging on the work of Obert [38] or Jiang et al. [41], the amount
of efficiency increase is very case sensitive. No Reynolds number corrections are applied to
the control derivatives. This leaves a conservative split flap size estimation, as the control
power of the rudder is expected to increase. In order to better consider changing control
derivatives, a sensitivity analysis is performed, which is explained in kection 3.3.4. It is also
assumed that the behaviour of the split flaps is not really affected by Reynolds effects, since
the flaps mainly work through creating pressure drag. It is shown by Hoerner that pressure
drag does not increase over these ranges of Reynolds number [21]. As the sideforce of the
split flaps seems to be linked to its created lift, it is possible that the split flap yaw effectiveness
is also slightly increased with Reynolds number. Such an effect is however neglected, which
would again leave a slightly conservative split flap design.

3.3.3. Sizing calculations

In summary, states the requirements which are solved for, together with its standard
configuration settings. In each calculation, C,,_ . is taken as a variable for which the minimum
needed value is calculated to show compliance with the CS-25 regulations. Of these require-
ments, only CS 25.147(a) and CS 25.147(d) have to be solved with a linear simulation and
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Table 3.1: Summary of each tested requirement, including way of testing and settings.

Requirement Subject Velocity Weight Thrust
CS 25.143(h) Manoeuvrability A MTOW OEI

CS 25.147(a) Directional control 1.3Vsg, MLW OEI

CS 25.147(c) Lateral control; general 1.3Vsp, MTOW OEI

CS 25.147(d) Lateral control; roll response /A MTOW OEI

CS 25.161(b) Lateral and directional trim (sideslip) 1.3Vgg, MTOW/MLW -

CS 25.161(d) Longitudinal, directional, and lateral trim  1.3Vgg, MTOW/MLW  OEI

can be taken as indicative of whether additional yaw power would be needed during these
motions. The other requirements can be solved using only the trim calculations, which can
give rise to a specific required C,_ "

Several of the requirements have different velocity specification. Most of these are in
relation to the reference stall speed (in a certain configuration) Vs, . This quantity is dependent
on the specified weight of the aircraft, which varies per certification requirement. Additionally,
1, is defined in the present study to be equal to 1.13Vsg , which is the minimum value for this
speed [20]. It is assumed that the velocity and angle of attack are constant throughout the
manoeuvres.

When all regulations are handled, the most critical values of required C,_ ; will be known.
From this, the eventual split flap size can be calculated for a certain chosen &5, . With the
experimental data on the split flaps, the behaviour of C,_ ;/Ssp Versus a can be set up. This
is done for the different sizes of split flaps and different values of &¢. If this curve is then
coupled with the required C,,_ ; (for a certain «), it can be calculated how much surface area
is needed from the split flap geometry.

Now knowing the required surface area, the final width of the split flaps can be calculated.
The surface area as a function of split flap width has a relation as described in pquation (3.16),
which is found by fitting the surface area for SF10, SF15 and SF20. Finally, the needed split
flap width can be calculated using this relation. Note that the calculated width will be in terms
of the 4.6% sub-scale geometry, but with the scaling factor this can directly be extrapolated
to the full-scale aircraft, as C,_ ; is for now assumed to be independent of Reynolds number.

Ssf[mm?] = 0.05591 - bgs[mm]? 4 89.96 - bss[mm] — 0.726 (3.16)

3.3.4. Sensitivity analysis

At this point in the design phase, there are still some performance uncertainties with respect
to the full scale aircraft. For instance, it might be possible that due to scaling effects, the
rudder is more effective than previously thought. As a result, less yawing moment is required
from the split flaps. A sensitivity analysis is performed to check what small changes in input
parameters will do to the amount of required split flap yawing moment. The sensitivity analysis
is performed only for the most critical CS-25 cases. This gives insight in the most influential
input parameters and it gives rise the the certainty of the calculated required C,,_ .

The investigated input parameters are:

« Stability derivatives - the stability derivatives are estimated using sub-scale flight
testing, as reported by Ruiz Garcia et al. [31]. Due to Reynolds effects, and the relation
of several stability derivatives with lift and drag coefficient, there is some uncertainty in
the used stability derivatives with respect to full-scale stability derivatives.

» Control derivatives - the control derivatives are estimated using a combination of
wind tunnel testing and sub-scale flight testing. Obert suggests an increase in control
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derivatives from wind tunnel results to full-scale free flight results due to Reynolds effects
[38], sometimes up to a 20% increase.

* Maximum split deflection angle - the parameter &, is an important factor in the
amount of yaw power that can be created. While the maximum value of 60 degrees will
be used for the recommended geometry, it might be that the aircraft manufacturer will
put a constraint on &, , due to complexity or structural issues. Changing &,z Wwill
ultimately require a larger Ssr and thus larger by;.

It is difficult to quantify the amount of uncertainty for each of these parameters. An
arbitrary maximum uncertainty of 20% is set for the sensitivity of the stability and control
derivatives. Each parameter is evaluated for changes between -20% and +20%. The value
of &,z .. is evaluated between 10 and 60 degrees.



Verification and Validation

In order to establish the confidence of the results, several validation and verification steps
have been taken. This section will elaborate on these steps, and what their influence will be
on the thesis results.

4.1. Short term repeatability

The short term repeatability of the experiments is evaluated by calculating the uncertainty
levels for the datapoints. The uncertainty levels for all 6 aerodynamic coefficients are plotted
in figure 4.1|. This figure shows the uncertainty levels for a 95% confidence interval, for both
a clean wing and a wing including split flaps. The uncertainty levels are considered low, as the
errorbars are generally much smaller than the absolute difference between the measurements
of the clean wing coefficient and the split flap coefficients. This means that the confidence in
the resulting deltas can be guaranteed.

The observed maximum uncertainty levels are presented in fable 4.1. Here, it is seen
that for all parameters, except the drag coefficient, the calculated measurement uncertainty
is increased with the addition of split flaps. A simple explanation for this is that the split flaps
cause large unsteady patterns, which increase the vibrations (and thus the uncertainty) of the
model. The increase in vibrations was also visually noted during the wind tunnel tests.
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Figure 4.1: Errorbar plot of the measurement uncertainty for a clean wing and a wing including split flap. Uncer-
tainty is calculated using a 95% confidence interval.
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Table 4.1: Maximum uncertainty values found from figure 4.1.

Coefficient Clean wing  SF15, §; = 60 deg

Cy 2.15e-3 7.49e-3
Cp 9.57e-4 7.22e-4
Cy 5.65e-4 8.48e-4
Cim 5.19e-4 5.86e-4
G 4.50e-4 1.52e-3
Cp 1.43e-4 2.33e-4

4.2. Long term repeatability

In order to investigate the long term repeatability of the wind tunnel campaigns, a look is taken
at the studies performed by Johnson [6] and Erdincler [33]. Several other studies have also
investigated the aerodynamic properties of the Flying V wind tunnel model, but they did not
include the winglet, which was featured in the current research. The long term repeatability
is investigated in terms of lift, drag and yawing moment of the clean wing.
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Figure 4.2: Lift coefficient repeatability. Errorbars are Figure 4.3: Drag polar repeatability. Errorbars are in-
included with a 95% confidence interval. cluded with a 95% confidence interval.

The lift curve is presented in figure 4.2. It can instantly be seen that the results from the
two wind tunnel campaigns match quite well in terms of slope and stall behaviour, which makes
the confidence in the repeatability between the campaigns larger. Several small differences
can however be seen when comparing the current research with the results of Johnson and
Erdincler. Starting with the lift curve of Johnson, it is seen that the lift curve slope of the current
research is slightly higher. It is thought that this is due to small differences in the setup of
the wind tunnel model. Each wind tunnel campaign, the wind tunnel setup is created with
the same individual components. However, as the setup is quite large, and many components
have to be bolted/screwed together to create the whole setup, some small differences in
mounting angle of the wing can easily be introduced. It is therefore thought that the smaller
C., fromthe work of Johnson is because of a slightly higher mounting angle, as exaggeratedly
illustrated in fiqure 4.4. This would have increased the effective sweep of the wing, and thus
decreased the lift curve slope.

It is seen that the current research matches quite well with the clean lift curve of Erdincler
in terms of lift curve slope and stall onset. It is observed however that they have a slightly
higher absolute C,. This difference possible stems from the fact that angle of attack calibration
is performed by eye, by adjusting the zero angle of attack point so that the wing root section
is matched with a guidance laser line. This can again create some small differences between
researches. It is suggested that the work by Erdincler has a somewhat larger incidence angle
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Figure 4.4: Illustration of difference in setup mounting angle
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Figure 4.6: Repeatability of the calculated AC,, between
the current research and the research by Johnson. Er-
rorbars are included with a 95% confidence interval.

as zero-point.

When looking at the drag polars in figure 4.3, it is again seen that there is a large overlap
between the campaigns, further ensuring similarity between the two wind tunnel campaigns.
It is seen that for low values of lift, the drag polars of the studies are very similar. The
difference in curves are mostly present away from the zero-lift point. It is suggested that the
differences in drag polar of Johnson are mostly due to the lift induced drag. It thus follows
similar reasoning as the differences in lift polar, which are already discussed.

As the research mainly focuses on creating additional yawing power for the Flying V, also
a look is taken at the repeatability of the yawing moment results. Only 1 previous paper was
found in which the yawing moment of the Flying V was presented, which is the work by Johnson
[6], in which the effect of rudder deflection was evaluated. The absolute yawing moment of
both wind tunnel campaigns and the results of Johnson are presented in figure 4.5. Here it
can be clearly seen that there is a large offset between the previous work and the current
results, while the behaviour with increasing angle of attack seems to be similar. It is illogical
that the majority of the yawing moment curve of Johnson is positive. The yawing moment
coefficient should largely be negative, due to the positive drag and negative sideforce that the
clean wing creates. The similar behaviour with a points to similarities in flow field, while the
absolute value is shifted due to the difference in setup. The difference in mounting angle from
will cause the winglet rudder to have a higher incidence angle, causing an outboard
sideforce and a positive yawing moment. Due to the large absolute differences, the question
is raised whether the results of yaw can be presented with confidence.

The absolute value of ¢, might be different, but the report mainly focuses on the deltas
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that are found between configurations. The difference in yawing moment for rudder deflection
of -100% and +100% is shown in figure 4.6. Here the results of Johnson are plotted together
with the results of the first wind tunnel campaign, with similar model configuration settings
as Johnson. It is observed that there is a high likeness between the data of Johnson and
the current results, with exception of very low incidence angles, where the current research
shows slightly higher rudder effectiveness. Overall, this shows that while the absolute term of
C, might differ, the parameter of interest AC,, can be accurately estimated. This makes that
in terms of yawing moment coefficient, repeatability of the results is deemed sufficient.

Additionally, the repeatability between the two wind tunnel campaigns is evaluated by
looking at the AC,, of a split flap configuration. This is shown in figure 4.7. It is here seen
that there is a high resemblance between the campaigns, meaning that the presented deltas
in this paper will be accurate.

4.3. Tuft photographs

Tuft photographs were taken to have an additional medium for explaining the behaviour of the
measurements. The addition of yarn tufts is one of the easiest methods to visualise the flow
field over the wing. In order to make sure that these tufts represent the flow field over the
outboard wing accurately, a look is taken at the measurements with and without tufts attached
to the wing, presented in figure 4.8. Here only very slight differences are found between the
curves, as only very small portions of the wing are covered with tufts. The tufts cause a small
decrease in lift behind the centre of gravity, causing the shift in pitching moment curve. Also
an increase in drag is noticed. Both these differences are expected with the implementation
of tufts [30]. The behaviour with angle of attack of the curves including tufts are similar to
the behaviour of the clean wing. It is thus concluded that the tuft photographs accurately
represent the flow field over the wing.

4.4. Verification of the preliminary design calculations

shows a comparison between the calculations from and the resulting
test measurements. All results are shown for a = 0°, as the calculations are performed for
this incidence angle. It can be seen that for small angles of deflection, the calculations for
all the split flap sizes deviate a lot from the measurements. It is however observed that the
calculations are close to the measurements for higher angles of deflection (85 > 40°). This
makes that the calculated preliminary design point, which is calculated for a 60° deflection
angle, represents reality closely. If more split flap testing is to be performed in the future,
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Figure 4.8: Comparison of the half-wing aerodynamic coefficients, with and without the implementation of yarn
tufts.

a similar preliminary sizing method as presented in this paper can be used to estimate the
performance around a = 0°.

It is observed that over the entire range of tested d,f, the calculated value of AC, is
slightly overestimated. A reason for this is that the resulting yaw is based on the increase in
normal area due to the split flaps, and that the frontal area of the plain wing is not taken into
consideration.

AC [

~~ -~ SF10 calculations ~

~— -~ SF15 calculations
SF20 calculations

—]— SF10 measurements

[ SF15 measurements
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% preliminary design point

6 I I I .
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Figure 4.9: Comparison of AC,, calculations (according to section 3.1.2) versus test measurements. All results are
shown for & = 0°. Errorbars are included with a 95% confidence interval.

4.5. Validity of split flap model placement
In order to mimic the split motion on the outboard wing of the Flying V, several 3D-printed
flaps were placed on the most outboard CS3 control surface, as explained in kection 3.1.1. It
was assumed that the remaining CS3 volume in between the upper and lower split flap does
not have a significant effect on the test results, as it is stationed in the wake of the split flaps.
This hypothesis is outlined in the current section.

In order to do so, several additional configurations are tested in the wind tunnel with the
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SF22 flaps. The regular cross section for which tests are performed is shown in figure 4.10,
which represents test conditions throughout the report. A second cross section is shown in
figure 4.11, which mimics the conditions for an actual working split flap, without volume in
the centre. This split is created by deflecting CS3 upwards by either 10 or 20 degrees, and
placing a lower split flap on the bottom so that the total deflection of the split is similar to its
regular counterpart. Note that the brackets which hold the split flaps in place are still included
in both cross sections.

Two separate notions on the setup of have to be made here. First of all, the
rotational axis of CS3 is not entirely the same as the rotational axis of the split flaps. This
is however not to be too intrusive as the axes are very close to each other. Secondly, the
upward rotations of CS3 to 10°/20° were performed by hand, as the control surface actuator
was broken in a previous study. This means that there might be a very slight difference in
split flap global rotational angle between the normal and verification setup.

!

-

Figure 4.10: Top-side visualisation of split flap cross sec-  Figure 4.11: Top-side visualisation of split flap cross sec-
tion in normal condition tion for verification

Measurements are performed for 6, = 10° and &5 = 20°, and both setups are compared
to evaluate the influence of CS3. The outcome of the measurements is shown in figure 4.12.
Here, the lines with the legend index including ‘veri.” represent the situation depicted in
figure 4.11). It can be seen that overall, both setups behave in a very similar fashion. Some
small differences can however be noted in for instance the AC,, plot, where it is seen that the
configuration without CS3 volume slightly outperforms the normal configuration. It is thus
possible that the volume behind the flaps (CS3 volume + brackets) still have some effect on
the outcome. Considering the differences, the split flap yaw behaviour presented throughout
the report might be somewhat conservative. For now it is assumed that the differences are
not very significant, as the uncertainties in most measurements have an overlap between the
normal and verification run.

4.6. Validation of the flight mechanics model

The behaviour of the asymmetric flight mechanics model is benchmarked with data found in
the report of Xie et al. [42]. In their report, a testing module was created using data of the
single aisle Boeing 737-800 aircraft. Several asymmetric certification motions were evaluated
in this report, for which an attempt is performed to mimic their dynamic behaviour.

In the current analysis, the moments of inertia of the Boeing 737-800 are taken from the
report by Tian et al. [43]. This paper also provided the centre of gravity position of the
aircraft. The stability and control derivatives for this aircraft are approximated by the use of
AVL [44].

In order to assess the trim calculations, the CS 25.147(c) regulation for the trim in a 20°
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Table 4.2: Verification of trim calculations for regulation CS 25.147(c)

Configuration Velocity ¢ «a o, b,
Take-off (OEI) 1.3Ver, 20 11.88 -15.45 -7.24
Take-off (OEI) [42] 1.3 Vg, 20 11,59 -13.58 -7.38

banked turn (into the operative engine) has been compared between the studies. The results
are shown in fable 4.2. It is seen that the acquired values for the rudder and aileron deflection
have the correct sign and have similar orders of magnitude. It is however observed that the
trim rudder deflection 6, has a slight conservative values. It is possible that the stability &
control derivatives slightly differ between the studies, as this is something that could not be
checked. For the remainder of the research it is taken into account that the trim calculations
in the current research are possibly slightly conservative. The trim calculations are deemed
sufficient to aid in the sizing of the split flaps at this stage of the design process.
Additionally, a bank to bank simulation is compared between the researches. CS 25.147(d)
specifies that the aircraft, including adverse asymmetric thrust, has to be able to roll from 30°
bank angle to -30° bank angle within 11 seconds [20]. Xie et al. have reported their simulation
for such a motion, including the inputs of the aileron and rudder deflections [42]. Using the
same inputs and initial conditions, a linear simulation is performed. A comparison between
the results is plotted in figure 4.13. Here, it can be clearly seen that differences occur in the
established roll angle ¢. It is seen that in general, the behaviour of both attitudes over the
course of the motion are similar. However, it is seen that errors are accumulated as time goes
by, especially apparent for the roll angle. In terms of the regulation, the -30° bank angle is
established after about 3 seconds, whereas the report by Xie et al. show a required period
of about 3.5 seconds. It is thought that this large difference is mainly established due to the
omitted influence of I,.,. For this reason, the linear simulations performed in this study should
probably be taken as indicative. For short time periods, the simulations can give an indication
whether the required bank to bank and yaw motions are critical for the lateral-directional
control of the Flying V. This will give insight into whether sizing based on the trim calculations
is sufficient, or additional sizing efforts should be implemented in the future. The simulations
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Figure 4.13: Comparison of the roll simulation for regulation CS 25.147(d)

should not be used to accurately predict the aircraft states for longer time periods.



Results and Discussion

This chapter will present and discuss the findings of the wind tunnel campaigns. It will be-
gin with discussing the general influence of the addition of split flaps on the aerodynamic
coefficients of the aircraft. This will mostly consist of the qualitative behaviour of split flaps
with angle of attack. After this, it will further elaborate on split flap effects in terms of direc-
tional control. The effects of varying size and deflection angle will be evaluated, after which
some control derivatives are set up. Next, any interference effects between the split flaps and
the other control surfaces is discussed. Lastly, a look is taken at different possible split flap
configurations which can mitigate its adverse effects on pitch and roll.

5.1. General effect of split flaps on aerodynamics

As split flaps are unconventional, it is hard to imagine the effect these devices have on the
Flying V aerodynamic behaviour. This section will show the general effects of applying split
flap deflection on the outboard wing. First, the effect of split flaps under varying angle of
attack is discussed. Next, the effect of increasing the split flap deflection angle is highlighted.
This section will lay the grounds for the fundamental understanding of split flaps on the Flying
V, where the next sections will build on this knowledge to give more detailed conclusions.

5.1.1. Effect on aerodynamic forces

The behaviour of the force coefficients for the baseline SF15 configuration with several de-
flection angles is presented in this section. It will mainly show the general trends that are
perceived by the aircraft with SF15 for a low, medium and high deflection angle of 10°, 30°
and 50°. Similar trends have been seen in the other investigated deflection angles, but to
keep the figures clear it was decided to only show 3 values. The split flaps have been found to
influence the lift, drag and sideforce of the Flying V. Therefore, the lift coefficient C;, the drag
coefficient C,, and the sideforce coefficient Cy are discussed. For each of the coefficients, both
absolute values and incremental values are presented. The absolute values are presented as
left-wing only results. The difference due to split flap deflection are calculated by subtracting
the clean wing results. All coefficients are presented to cohere to the aircraft reference system

as discussed in section 3.2.2.

Effect on lift coefficient C;
The effect of split flaps on the lift coefficient is shown in figure 5.1, where both the absolute
and the change in C, is plotted.

Due to the higher inclination of the upper and lower split flap, with respect to the incoming
flow, the pressure in these regions will increase compared to the clean wing. It is therefore
expected that the lift coefficient is changed at several angles of attack. Prior to the experiments
it was expected that at angles of attack around 0, the deflection of split flaps would not create

35
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a large difference in lift force, as the downward deflected flap would create approximately
as much lift as the upward deflected flap would create downforce. It is however observed
from the graph of AC, that around these small incidence angles, a small increase in lift is
created. This is thought to be due to the difference in curvature between the upper and
lower flap, where the concave structure of the lower flap would have more influence than the
convex upper flap. The work of Johnson shows similar results, as he shows that per angle of
deflection, the lift increase due to trailing-edge down deflection of CS3 is higher than the lift
decrease of trailing-edge up deflection [6].
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Figure 5.1: Lift coefficient behaviour of SF15

It can be seen in the graphs that the split flaps mainly have a larger influence on the
C, in the extremities of the investigated angles of attack. At negative angles of attack, a
large decrease in lift coefficient is measured. It is suspected that this is due to the lower flap
becoming less effective than the upper flap. With decreasing incidence angle, the lower side of
the wing will start to show forms of tip stall. The leading edge around the wing tip will start to
separate, especially since the outboard wing already has a -4.4° twist angle. This makes that
a part of the lower split flap will become submerged in the wake of the main wing, decreasing
the pressure on this side, while the upper flap is fully in the freestream. Subsequently, a
net force is created in the negative lift direction. The tuft photographs in and 5.3
cement this claim, where it can be clearly seen that the tufts on the lower surface show areas
of separated flow in front of the location of the split flaps.

At medium angles of attack (5° < a < 10°), it is observed that a decreasing lift force
is created with angle of attack, especially for high deflections. It is thought that this is due
to the orientation of the lower flap, which will become more orthogonal to the flow when «
is increased. This will create more drag and less lift. For the upper flap, the opposite will
happen.

It is clearly observed that some aerodynamic phenomena appears between a = 10° and
a = 15°. It is suggested that this all has to do with the formation of a vortex on the suction
side of the wing, from the kink to the more outboard sections of the wing. The research
by Viet [26] confirms the presence of such a vortex, as shown in figure 5.4. In his work,
he discusses that this phenomena largely influences the flow structure of the outboard wing
sections, around where the split flaps are located. The tuft pictures in and 5.6
support this claim. By looking at the orientation of the tufts, it can be seen that a leading
edge vortex over the upper surface of the wing is created around a« = 15°, where the flow
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Figure 5.4: Depiction of vortex separation line at « = 15°. Adapted from Viet [26].

structure over the outboard wing is heavily altered. Judging by the orientation of the tufts,
vortices and local separated flow field occur in the vicinity of the split flap on the suction side
of the wing. This directly affects the performance of the upper split flap.

Lochert et al. show in their work that the upper surface of split flaps can have significant
interaction effects with leading edge vortex structures [17]. In their work, it is shown that the
high pressure on the top surface of the split flap is heavily decreased due to the low dynamic
pressure near the core of the vortex. This makes the pressure difference over the upper split
flap smaller, hence decreasing the forces and moment created by the upper flap. The large
vortex interaction effect of the split flaps on the Flying V at a < 15 is an important property
of the split flaps in the current report and will be handled in various findings throughout this
report. In terms of the lift, it can be concluded that the increase in AC, is due to the decrease
in effectiveness of the upper flap, caused by the creation of a leading edge vortex over the
outboard wing.

After 20 degrees angle of attack the AC, starts to drop again. This is thought to be due
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Figure 5.5: Tuft image of the outboard wing upper sur- Figure 5.6: Tuft image of the outboard wing upper sur-
face at @ = 10°, including SF15 with &, = 40° outlined face at & = 15°, including SF15 with &, = 40° outlined
in green. in green.

to a change in direction of the leading edge vortex, to a more inboard location. A tuft picture
at @ = 25° is shown in figure 5.7. Here it is seen that the more inboard tufts are now
heavily deflected, whereas the outboard tufts in front of the split flaps slightly retrieved their
orientation, compared to the picture in figure 5.6. It is thought that the intensity of the vortex
interaction of the upper split flap is therefore slightly decreased. The upper split flap starts to
regain some downforce, creating less net lift over higher angles attack. Another reason for
decrease in AC;, might again lie in the orientation of the lower flap, which will become even
more orthogonal to the incoming flow.

Effect on drag coefficient Cp

The increase in drag is an important factor of the split flaps, as it is the main working mech-
anism to create yaw. shows the behaviour of the drag coefficient with angle of
attack, of the Flying V including split flaps. It is seen that over the whole range of «, the drag
is increased significantly by the split flaps, as expected from the increase of frontal area and
separated flow.

Some clear features can be spotted in the AC,, behaviour, presented in figure 5.8. It seems
like the increment in drag is characterised by a region of maximum added drag between a = 0°
and a = 10°. Here the increase in drag reaches a maximum value. It is suggested that this
behaviour is due to the fact that neither the lower or upper surface of the main outboard wing
show areas of disturbed flow. The relative increase of the wake area due to the split flaps is
therefore large, which explains the large value of ACy.

Next, both around « = —5° and a = 15° there seems to be a dip in created drag. The dip
at a = —5° has to do with the separation of the lower surface, where the clean wing would
also see an increase in drag due to an area of separated flow. The addition of the split flap
will become relatively less effective in adding to the total drag. At @« = —10°, AC}, interestingly
goes up again. Looking at figure 5.9, it is seen that the tufts on the outboard section of the
split flaps are again slightly more aligned to the flow direction. This possibly points to some
reattachment at this outboard location which would restore some of the pressure on the lower
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Figure 5.7: Tuft image of the outboard wing upper surface at a = 25°, including SF15 with &, = 40° outlined in
green.
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Figure 5.8: Drag coefficient behaviour of SF15

flap, explaining the renewed increase in ACj,.

At a = 15°, it is thought that interaction with the leading edge vortex will decrease the
high pressure in front of the upper split flap, effectively decreasing the drag that is created by
this flap. After the second dip at @ = 15°, it is seen that the AC), tends to increase again when
further increasing the angle of attack. This is explained similarly as the decrease in AC; from
figure 5.1. The leading edge vortex from the wing kink moves more inboards, decreasing the
interaction between the vortex and the upper split flap and restoring some of the pressure
over the upper split flap.

As drag is an important factor in the aerodynamic performance of any aircraft, the per-
centile total drag increase due to split flaps is presented in figure 5.10. Here, the ACp,, of
the left-wing deflected split flap is normalised with the total (full-wing) drag coefficient. This
figure shows the significance of the drag increase due to the deflection of the split flaps. The
percentile increase in drag is high between « = 0 and « = 5, where values nearing +40% are
found for 65, = 50. This is logical, as the clean drag coefficient is lowest around this incidence
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Figure 5.9: Tuft image of the outboard wing lower surface at & = —10°, including SF15 with &, = 40° outlined in
green.
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Figure 5.10: Total drag coefficient increase for several SF15 deflections

angle. At higher or lower angles of attack, the percentile increment in drag decreases to values
below +10%. This is due to the high values of lift-induced drag in these ranges.
can give an impression of the required change in thrust mapping when applying split flaps
at each angle of attack. On the full-scale aircraft, the percentile drag increase is envisioned
to be smaller than the values reported in figure 5.10, as the clean friction drag will increase
due to Reynolds effects. Overall, the total drag of the aircraft is significantly increased when
deflecting the split flaps. In a potential future split flap integration study, it should therefore
be investigated whether enough excess thrust is available when split flaps are deployed during
directionally demanding flight situations.

Effect on sideforce coefficient Cy

The created sideforce is an important factor of the split flaps, as this parameter also determines
the amount of yaw that is created. The variation of the sideforce due to split flaps is presented
in figure 5.11. The ACy is negative over negative angle of attack, but becomes positive over
when a > 0. This is beneficial, as positive sideforce would aid to the created yawing moment.



5.1. General effect of split flaps on aerodynamics 41

Overall, the ACy that is created is thought to be related to the drag and lift values, via the
positive sweep and positive dihedral of the outboard wing. The behaviour of AC, overall looks
quite similar to the behaviour of AC, from figure 5.1. It is suggested that due to the positive
dihedral angle of the outboard wing, an increase in lift would create a positive (inboard)
sideforce, while an increase in downforce would create a negative (outboard) sideforce. This
is confirmed in the plots, where the sideforce has a negative value over the negative angles
of attack and has a positive value over the positive angles of attack. Overall, the sideforce is
offset by positive drag that is created, as positive drag force would create positive (inboard)
sideforce due to the positive sweep of the split flap hingeline. This is most visible at « = 0.
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Figure 5.11: Sideforce coefficient behaviour of SF15

5.1.2. Effect on aerodynamic moments

Following the discussion on the behaviour aerodynamic forces with angle of attack, the aero-
dynamic moment coefficients for pitch (C,,), roll (C;) and yaw (C,,) are discussed in this sub-
section. The effects largely follow from the differences in forces on the outboard wing, which
makes the discussion of the aerodynamic moments less extensive. The yawing moment co-
efficient is however especially highlighted as it is the main driving parameter for the current
research.

Effect on pitching moment coefficient C,,

The behaviour of the pitching moment is presented in figure 5.12. The differences due to the
split flaps is a direct consequence of the variations that the flaps cause on the lift coefficient.
The split flaps are located behind the centre of gravity. This means that a local increase in
lift at this location will cause a negative (nose-down) pitching moment on the aircraft. Vice
versa, a local downforce will cause a positive (nose-up) pitching moment. This is confirmed in
figure 5.12, where the effect of split flaps on the pitching moment is plotted. When comparing
the graphs of AC,, with the graph of AC, from figure 5.1, it is clearly seen that the behaviour
is very similar, but mirrored in the x-axis. In theory, the increase in drag would also create a
nose-up pitching moment, as the flaps are above the centre of gravity. But this effect is not
very noticeable, as the lever-arm is small.

Effect on rolling moment coefficient (;
The effect of deflecting split flaps on the rolling moment coefficient is shown in figure 5.13.
The curve of AC, with angle of attack is again very similar to the lift curve of figure 5.1. It
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Figure 5.12: Pitching moment coefficient behaviour of SF15

follows a similar explanation as the pitching moment curve. The split flaps are located on the
outboard wing, away from the centre of gravity. A local increase in lift (of the left-wing) will
therefore cause an increase in rolling moment. If a right wing model would be investigated,
a negative rolling moment would be observed.
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Figure 5.13: Rolling moment coefficient behaviour of SF15

Effect on yawing moment coefficient C,

Creating additional yawing moment is the main purpose of this study. Before the yawing
moment due to split flaps is thoroughly investigated in kection 5.2, this subsection will give
the basic properties of the created yawing moment.

The yawing moment coefficient behaviour of the wind tunnel model is shown in figure 5.14.
The absolute values are presented as left-wing only results. The difference due to split flap
deflection are calculated by subtracting the clean wing results. Note that as a left-wing model
is used, negative yawing moment coefficients represent the desired nose-left moment. The
yawing moment curve is expected to be a direct result of the increments in drag and sideforce
due to the split flaps. Positive drag and positive sideforce should create negative yawing
moment for the left-wing split flap.

Several clear features can be seen from the plots. First of all, it can be seen from the plot
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of AC, that at a < 0, the split flaps lose virtually all their effectiveness as yawing devices. In
fact, it seems that a small adverse yawing moment is caused at these incidence angles. This
has to do with the stall of the lower surface, and the negative sideforce coefficient that is
produced, as previously discussed. The negative sideforce counteracts the drag force, making
the yawing close to zero over these negative angles of attack. The split flaps should thus not
be used over negative angles of attack. Considering that the winglet rudders are still very
effective in this range [6], the ineffectiveness of the split flaps at negative angle of attack is
not an issue.

Next, it is seen that the desired negative yawing moment is gained when a < 0. When
compared to the winglet rudders, where the effectiveness is progressively decreased with
increasing angle of attack, it is observed that the split flaps have a maximum effectiveness
falloff around a = 17.5°. The split flaps only partially lose effectiveness, which is a promising
feature compared to the winglet rudders. The dip in yawing moment coefficient is probably
due to the interaction with the created kink leading vortex. As explained earlier, the upper
flap loses pressure which results in a lower drag increase. This therefore results in a lower
created yawing moment. Lochert et al. also show such a dip of yaw control power caused by
the submersion of the upper split flap [17]. For @ > 17.5, the effectiveness of the split flaps
is again slightly increased, which can be explained by the increase in drag over these angles
of attack.
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Figure 5.14: Yawing moment coefficient behaviour of SF15

5.1.3. Coupling effects and linearity of split flap deflection
Ideally, the split flaps would only create a yaw power without changing the pitch and roll
parameters. Such coupling effects are however inevitable. A look is taken at the behaviour of
aircraft parameters in comparison to the created yawing moment, in order to further assess
the coupling effects of the split flaps and the linearity of the parameters with deflection angle.
While the previous sections already discuss the general behaviour of split flaps with angle of
attack, the current section further shows the effect of varying the split deflection angle 6. It
tries to elaborate on the challenges which come with the application of split flaps. The results
presented in this section are for the SF15 configuration on the left wing, for &5, from 10 to 60
degrees.

The behaviour of the deltas in each aerodynamic parameter with increasing J, is presented
in figures 5.15 to 5.20. These figures are presented together in order to more clearly discuss
the coupling effects of split flaps, as well as the level of linearity of each parameter. In
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these graphs it is highlighted how increasing the deflection angle will affect each aerodynamic
parameter for several positive angles of attack. Negative angles of attack have not been
looked at, since the split flaps are not effective yaw effectors in this range. Each delta can
be compared to the behaviour of AC,, as they are the coupled consequence of deflecting the
split flaps to create a certain target yawing moment.
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Let us first focus on the level of linearity of each parameter. It is observed in
that AC,, is rather linear with &, for each presented a. The same can be said of ACp, up
till very high §,¢. The fact that the device is linear with respect to yaw is a useful property
of the split flap behaviour, as it makes the needed &, for a target yawing coefficient easy
to extrapolate. Looking at the graphs for the lift, sideforce, pitch and roll, in
and to .19, it is however seen that these properties show less linear behaviour with
increasing &s¢. Also, a larger spread is observed when increasing a, due to the creation of
the leading edge vortex around a = 15. The linearity of split flaps in yaw, but non-linearity in
other aerodynamic parameters is confirmed in the report by Dorsett and Mehl [11].

For low angles of attack, the coupling effects can be kept small, but at « > 15, the coupling
effects go towards their maximum influence. The findings are similar to the reported results
of Lochert et al. [17], where at low a the coupling effects were kept small. When increasing
a, the coupling effects grew significantly due to the upper flap ineffectiveness. The maximum
order of magnitude of the values of AC;, AC,, and AC, are similar to the values found for CS3
deflections, as presented by Johnson [6]. The coupling of the split flaps are therefore deemed
significant and can not be neglected in the creation of an aerodynamic model. Due to the
slight non-linearity and large spread with angle of attack, AC,, ACy, AC,, and AC, can however
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be difficult to adopt in such a model.

The differences in lift, pitch and roll for a certain target AC,, are considered as adverse
coupling effects as additional control surface or attitude inputs have to be given to trim these
forces and moments away. These deflections will cause further drag increases, and sometimes
even counteracting yawing moments. Efforts to minimise the adverse differences in pitch and

roll are therefore later discussed in section 5.4.

5.2. Effect of split flaps on directional control in detail

As mentioned, the current research investigates the application of split flaps in order to in-
crease the directional control power of the Flying V. Thus-far it is shown how the increase in
yawing moment generally acts for varying « and ;. This section will dive deeper into the
measured yawing moment of the wind tunnel model in different configurations and will discuss
further how the split flaps can be used for the Flying V.

5.2.1. Comparison with winglet rudders

In order to provide the significance of the yaw values presented in previous sections, a com-
parison is made with the current winglet rudders. These are the only devices to which a direct
comparison can be made. This section will show in which regions the application of split flaps
can become especially beneficial. The comparison in terms of AC,, is presented in figure 5.21.
Here, the accumulated winglet rudder yawing moment of the two rudders is presented for
several model deflection settings, against one SF15 split flap for several deflection angles.
The values of the winglet rudders is taken from Johnson. The maximum rudder setting of
100% corresponds to an average rudder deflection of 22.98° [6].

It is seen from this figure that the split flaps have a much steadier decrease of AC,, with
increasing angle of attack. The split flaps can therefore especially be a major contributor to the
total yawing power at higher angles of attack. Where the SF15 flaps at 50° increase maximum
model directional control at « = 0° by about 55%, the model directional control power can be
increased by about 150% at a = 27.5°. Note that this graph does not specifically represent
how much the yawing power the Flying V will gain from split flaps, as the geometry size and
maximum deflection angle is not yet fixed. This is later investigated in kection 3.3.

5.2.2. Effect of split flap size

In the previous section, only results for the SF15 configuration were presented. However,
for the final split flap sizing, it is very well possible that a smaller or larger size is eventually
needed. Therefore, the effects of size is investigated in the current section. The placement is
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Figure 5.21: Yawing moment comparison of SF15 and winglet rudders

consequently also taken into account, as this is restricted by the size of the flap.

In addition to the presented trends of the SF15 split flap, the trends of different split flap
deflections for SF10 and SF20 with a are shown in figures 5.22 and 5.23. Obviously, a larger
magnitude is created by SF20 and a smaller magnitude for SF10, due to difference in split
flap area. Aside from the magnitude however, the trends of AC, with a are very similar. No
significant differences can be noted at this point.
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Figure 5.22: Ac,, behaviour of SF10 Figure 5.23: AC,, behaviour of SF20

In order to investigate whether size has a significant contribution to the split flap effec-
tiveness, the aerodynamic parameters for each configuration are here normalised with their
respective split flap area (S,;). The total areas of the split flaps are documented in table 5.1.
shows the AC,,, normalised by the respective split flap total surface area, over the
positive range of angle of attack.

Table 5.1: Total surface areas of the split flaps (summation of upper and lower surface area) in mm?Z.

SF10 SF15 SF20
9554.72 14751.77 20228.39

It should be directly noted here that the differences in AC, /S between the three split flap
configurations is not considered very significant, as a large portion of the error bars overlap
between the sizes. The consistency with differing bs makes this parameter very useful in the
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Figure 5.24: Normalised yawing moment AC, /S, in- Figure 5.25: Normalised drag force ACp /S, including
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later sizing procedure in chapter 6. Neglecting the overlap in error bars, it can still be seen
that the larger SF20 split flap is generally slightly outperformed by the smaller flaps over a
large portion of the angles of attack. The smaller yawing moment per unit surface area of
larger split flap can be explained by the average moment arm of each flap. All three sizes
are located as far outboard as possible and flap width is increased towards the root of the
wing. This means that the average lever arm becomes smaller when the split flap width is
increased. Additionally, it is shown in figure 5.25, that less drag is created per unit surface
area for the larger split flaps, especially at higher angle of attack. This further explains the

difference which is seen in figure 5.24.

5.2.3. Split flap yaw control derivatives

It was noticed in that the yaw increase with & is roughly linear. Here, also a
varying effectiveness with a was observed. It is therefore proposed in this section to set up
a control derivative for the split flaps in terms of AC,,. It is chosen not to investigate control
derivatives for the remaining aerodynamic parameters, as less linear behaviour was found for
these parameters.

An example of the AC, versus deflection angle for the SF20 configuration is presented
for two different angles of attack in figure 5.26, which shows how the control derivative is
set up. Here, also a linear regression in the form of f(x) = a + bx is included. The reason
for the non-zero intercept term a in this regression is probably because of the split flap being
submerged in the main wing boundary layer for very small deflection angles. These very small
deflection angles would therefore not result in any significant AC,,.

The control derivative Cnasf is set up by linear regression, for each SF10, SF15 and SF20.

shows the calculated control derivative for the three different split flap sizes, over
the positive range of angles of attack. It can be seen in this figure that the behaviour of the
control derivative is similar to the behaviour of the increase in the incremental C,, shown in
figure 5.14. The effectiveness goes down with angle of attack, up until a maximum decrease
at a = 17.5°, after which the effectiveness slightly increases again.

An asterisk has to be made with figure 5.27, as the linearity of the control derivative can
not be guaranteed with confidence over all angles of attack. Therefore, the coefficient of
determination (R?) of the linear regression is calculated. This term expresses the degree is
linearity in the regression [35]. The R? value is presented in figure 5.28. Here it can be noted
that only the calculated Cnasf over the positive angles of attack have higher values of R?. It
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Figure 5.26: Example of yaw effectiveness of SF20 including linear fit. Error bars are included with a 99%
confidence interval.

is seen that for these positive values of «, the calculated R? value is largely over 0.9. There
are generally no target values for R?, as its meaning depends on the used regression and its
interpretation for the problem, but 0.9 is considered a appropriate degree of linearity for the
current research. The linear control derivatives are therefore only considered valid over the
positive range of angles of attack. This is not of influence, as it was previously shown that the
split flaps are ineffective when a < 0° and should not be deployed here.
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Figure 5.27: Linear split flap yaw control derivatives Figure 5.28: R? values of the linear split flap yaw con-

trol derivatives from figure 5.27.

The maximum decrease in split flap effectiveness is reported in table 5.2, compared to
its default value at a = 0. Here it is observed that the C,; . maximally goes down about

40% at « = 17.5°. Comparing this with the winglet rudders, Johnson shows such a decrease
already around a = 15°, after which the decrease only grows further, to about 70% at a« = 30°
[6]. This again shows that the relatively steady value of C,, , can become a very beneficial

property at the higher ranges of angle of attack.

Table 5.2: C,, . per configuration and its maximum decrease

Configuration — a =0° a =175 ACy,  [%]

SF10 -5.026e-5 -2.904e-5 -42.22
SF15 -7.540-5  -4.406e-5 -41.57
SF20 -10.501e-5 -6.205e-5 -40.91

The results above are for the case where the centre of gravity lies 1.36 meters aft of the



5.3. Effect of split flaps on surrounding control surfaces 49

nose of the model, as this is the average proposed location in the work of Palermo [10]. This
corresponds to a location of 29.56 meters behind the nose of the full-scale aircraft. In real-
ity, the centre of gravity is obviously not fixed and can change with different combinations
of weight and balance. More aft centre of gravity locations will result in lower split flap effi-
ciencies, due to a lower sideforce lever arm. The lever arm of the created drag will however
not change. The sensitivity with changing centre of gravity is briefly discussed here. The
control derivatives for « > 0° are again calculated for a centre of gravity location at 1.46m
behind the nose, which is considered the aft limit of the centre of gravity. It was found that
on average, the values of Cnasf decreased by -3.48%. A similar shift was calculated for the

control derivatives of the winglet rudder, which resulted in an average decrease of -9.76%,
since the rudder control power mostly comes from its created sideforce. The small change of
Cng . with shifting centre of gravity therefore shows that the split flaps can also remain useful

throughout different weight excursions.

5.3. Effect of split flaps on surrounding control surfaces

The deflection of the upper and lower split flap create large areas of low pressure behind the
flaps, while increasing the pressure in front of the flaps due to higher inclination of the surfaces.
These changes in pressure might affect the flow structures in the near vicinity around the split
flaps. The question arises whether the effectiveness of nearby control surfaces is changed
due to the deflection of split flaps. The effect of split flaps on the winglet rudder and nearby
CS2 control surface is therefore investigated in this section.

5.3.1. Effect of split flaps on rudder effectiveness

The winglet rudder is the current main source of directional control for the Flying V. As the
split flaps are located as far outboard as possible, the flaps are in the vicinity of the rudder
surfaces. The large wake structures might therefore interact with the inboard winglet surface
and might change the rudder effectiveness, which is evaluated in this section.

Johnson evaluated the change of yawing moment with rudder deflection for the Flying
V wind tunnel model [6]. They reported that for each angle of attack, the rudder control
derivative Cns, CaN be taken as linear when the rudders on both the left and right wing are
combined. The current research therefore only evaluates the extremities of rudder deflection.
Split flap deflection angles of 20, 40 and 60 degrees are tested with the SF15 flap. For
these several angles of split flap deflection, the rudder is set to its maximum starboard or
port deflection (-100% or +100%). This way, the effect of split flaps on the rudder could
be evaluated. These percentile deflections can be linked to absolute deflection angles of
-22.4525° and 22.9695°, respectively.

The yawing moment due to left wing rudder deflection is presented in for
several positive angles of attack. Here, the effect of deflecting the rudder is evaluated for
the clean wing and for a wing with the three settings of ;. The values of AC, are isolated
for &, and thus only represent the influence of deflecting the rudder. It is observed that the
influence of the split flaps on the rudder effectiveness is not significant at small «.

Once the angle of attack is increased to a > 15, the leading edge vortex starts interacting
with the split flap. It is observed that at the same time some interaction between the split
flap and the rudder is formed. This is seen in the subplots of @ > 15, where several of the
measured SF15 data points lie outside the clean wing error bar. At these higher angles of
attack, the effectiveness of the left side rudder seems to increase with the application of split
flaps. This is observed from figure 5.29, where AC, for negative &, is increased when split
flaps are deflected. At the same time, at 6, = +100% the values of AC, are not significantly
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Figure 5.29: Isolated AC, due to varying rudder deflection for several configurations at « = 0, 5, 10, 15, 20 and
25 degrees.

changed as the data is more distributed around the clean wing data point. The influence
of split flaps are thus only really present for negative 6,. The maximum increase of AC, is
found to be 3.48e-4, at « = 20° and &, = 60°. Due to the low effectiveness of the rudder
at high «, this would be a 52% increase in rudder power, showing the significance of the
interaction. However, it should be noted that the combination of an inboard deflected rudder
with a deflected split flap will not be used to yaw the aircraft, as these two control modes will
counteract each other. It is therefore concluded that during normal flight, the split flaps will
not have a significant effect on the rudder control effectiveness.

5.3.2. Effect of split flaps on CS2 effectiveness

Next to the split flap influence on the rudders, their effect on near control surfaces along the
wing trailing edge are investigated. In order to do so, the SF22 flap is tested in combina-
tion with some CS2 deflection angles. Split flap deflection angles of 20, 40 and 60 degrees
are tested. The CS2 control surfaces are used on the Flying V for the creation of either a
pitch or a roll moment, so both these properties are investigated for maximum and minimum
CS2 deflection. These percentile deflections of -100% and +100% can be linked to absolute
deflection angles of -16.534° and 12.057°, respectively.

The effect of split flap deflection on the pitching moment caused by CS2 deflection is
presented in figure 5.30, where the isolated AC,, due to only the CS2 deflection is shown.
The influence of split flaps is most significant on positive (trailing edge down) deflection of
CS2. It is observed that deflecting the split flaps will lead to more positive AC,, values. For
the positive (trailing edge down) 6.5, this consequently means that a less effective control
surface is created. A maximum decrease of AC,, of 39.5% is found. A similar influence can
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Figure 5.30: Isolated AC,, due to varying CS2 deflection for several configurations at « = 0, 5, 10, 15, 20 and 25
degrees.

be found in the isolated value of AC;, presented in figure 5.31. Here, more negative values
of AC; are found when deflecting the split flaps. This is again mostly the case for the positive
(trailing edge down) 6.5,, where a less effective roll control surface is found with a maximum
decrease of 49.6%. The simultaneous application of split flap deflection and adjacent CS2
trailing edge down deflection can thus cause quite a substantial decrease in effective pitch or
roll creation, especially at higher angles of attack.

It is hypothesised that the variation in created pitch and roll is due to some interaction
between the pressure peak at the CS2 surface (due to its deflection) and the low pressure
area in the region behind the split flap. As the interaction effect is most significant for trailing
edge down deflection, it seems like the high pressure on the lower surface interacts most with
the low pressure behind the split flap. It is however really difficult to precisely identify how
this leads to the exact interaction that is seen in the plots. Accurate pressure distributions
and flow topology in the area between CS2 and the split flap would be needed for definite
conclusions.

Another explanation might lie in the rigidity of the model. At higher angle of attack, both
control devices have a high rear aerodynamic loading, which can possibly slightly deform the
model. This would in term decrease the effectiveness of the CS2 surface. This hypothesis
would again need further investigation for definitive conclusions.

5.4. Mitigating adverse split flap effects

It is shown in that normal deflection of the split flaps can cause some substantial
pitching and rolling moments. Especially at higher angles of attack, these moments can result
in large trim requirements for the other trailing edge control surfaces. As these additional
trimming deflections will cause even more drag, the creation of pitching and rolling moments
are defined as adverse effects of split flaps. This section will look into possibilities of minimising
the adverse pitch and roll moments caused by split flaps, while trying to maintain its directional
control power.
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Figure 5.31: Isolated AcC, due to varying CS2 deflection for several configurations at « = 0, 5, 10, 15, 20 and 25
degrees.

5.4.1. Differential deflection between upper and lower flap

It is hinted by Lochert et al. [17] that a different deflection angle of the upper and lower split
flap might reduce adverse pitching and rolling moments caused by split flaps. The application
of differential deflection is examined in this section. Differential deflection is here defined as
a case where the upper split flap deflection &, has a different value than the lower split flap
deflection &s,.

The effect of different combinations of upper and lower flap deflection on the aircraft aero-
dynamic moment coefficients is presented in figure 5.32. These combinations are performed
with the SF15 configuration. Next to the differential deflections, also the mutual deflection
setting of 8¢, = 6sr, = 40° is presented as default setting.

The values of AC,, for various combinations of upper and lower deflection angle is presented
in figure 5.32. Here, some surprising behaviour is found concerning the yaw creation of the
upper split flap. It is observed that the deflection of the upper split flap has very limited
influence on the created yawing moment of the split flaps. When looking at the line for
Sspu = 40,856, = 0, it is seen that the created yawing coefficient is very low; it does not
exceed 0.3e-3. Additionally, it can also be observed that all cases where &, = 40 lie very
close to each other, regardless of the value of & ,.

The reason for this small yawing influence of the upper flap at low angles of attack of is
found in the created drag and sideforce. It is found that for a« < 15 the upper flap produces
a substantial negative sideforce. This is possibly due to the created downforce, which is
translated to sideforce through the dihedral of the wing. It is also possible that the high
pressure in front of the split flap slightly pushes the winglet outboard, as this pressure area
would be close to the inboard of the winglet near the winglet, creating a negative sideforce. A
final culprit might lie in flow against the brackets behind the split flaps, but this is considered
unlikely. The sideforce behind the centre of gravity is thought to counteract the drag in creating
a yawing moment, thus explaining why the upper flap is ineffective in terms of AC,. The
question arises whether the upper split flap is even needed in operation.

Next, the created pitching and rolling moments for differential deflection combinations are



5.4. Mitigating adverse split flap effects 53

-3
0.015 5210
Y1) SRS /“
S ) , ] o
0.005% . \\ P>
- Y — /
\ o —_—
o 0 S ¥ g o o
a ) NN A a4
T e N o LS
A e //
-0.01 Ne——=_""
p—""5 *@/
-0.015 -5
0 5 10 15 20 25 0 5 10 15 20 25
Angle of attack [deg] Angle of attack [deg]
g X 10°*
0 B 6o —o— o} —6— 0, =40, 6, =0
—=— 6, =40,48_ =20
- sfu sfl
o - - Fgg = Ogry =40
ﬂ - ’55'.“ = 20‘ rss' | = 40
6. =06, =40
st st
2 e =} —
———
-3
0 5 10 15 20 25

Angle of attack [deg]

Figure 5.32: Aerodynamic moment coefficients behaviour for SF15 with several differential deflection angles be-
tween the upper and lower split flap.

investigated. The values of AC,, and AC, are also presented in figure 5.32. In these plots it
is seen that only deflecting the lower split flap to purely create AC,, will result in very large
pitching and rolling moments over the whole range of «. It therefore becomes apparent that
the upper split flap is mostly necessary for trimming out these adverse moments. As the
upper flap does not contribute much to the yaw however, it is proposed that a more optimal
combination of &, and 8,5, can be found to minimise the coupling in pitch and roll.

In order to make a proper comparison between configurations with different preset deflec-
tions, a look is taken at the ratio of created pitching moment to yawing moment (AC,,,/AC,,)
and the ratio of created rolling moment to yawing moment (AC;/AC,,). This will give further
understanding of how the adverse moments can be reduced, while maintaining a certain level
of created yawing moment. Both ratios would ideally be as close to zero as possible. As it
was established that the amount of AC,, is mostly dictated by the deflection angle of the lower
flap, the upper flap deflection angle is varied while keeping the lower flap at 8,7, = 40°. The
ratios of pitch-to-yaw and roll-to-yaw are plotted in figure 5.33. It is observed in this figure
that for the configuration without differential deflection at « < 10, both ratios are already
quite close to zero. Decreasing &sr,, slightly can further decrease the coupling in pitch and
roll. For « > 15, the ratios move away from zero. In order to slightly trim away the pitch and
roll created by the split flaps, 8,5, should be increased. This can however only marginally
decrease the coupling. The coupling at « > 15 should therefore be further trimmed away by
the other trailing edge control surfaces.
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Figure 5.33: Pitch-to-yaw and roll-to-yaw behaviour for SF15 with several differential deflection angles between
the upper and lower split flap.

It can be argued that additional drag created by these differential split flaps is also an
adverse effect which should be taken into account. The value of AC, was also monitored
for the combinations of differential deflection. Decreasing sy, at angles a < 10 showed a
beneficially decrease the amount of drag, while maintaining the yawing moment. However,
the advised increase of &s¢, for @ > 15 would further increase the drag. This has to be
taken into account when designing the controller for the split flaps, to make sure that further
increasing the drag will not detrimentally affect the Flying V performance.

5.4.2. Global rotation of mutual deflected split flaps

As stated in the split flap terminology, the split flaps to be implemented on the Flying V are
considered to be able to operate as split ailerons. This means that upper and lower flaps
have a hingeline for split deflection and that there is a separate hingeline to provide rotation
for ordinary elevon modes (see figure 2.4). It is now imagined that the split flaps can be
deflected to some &, while simultaneously being rotated over some elevon deflection angle,
or in this case some §5. This section will investigate whether this can serve as a solution for
decreasing the adverse coupling in pitch and roll. The SF22 flaps are used for this case, as
these cover the entirety of the CS3 surface. With these split flaps extended, the CS3 control
surface is deflected to settings between -100% and 100% (with increments of 50%) in order
to investigate the effects of global split flap rotation.

The behaviour of the aerodynamic moments of SF22 at &, = 40 with global CS3 rotation
is presented in figure 5.34. It can be seen that all aerodynamic moments are quite sensitive to
the variations in §.¢5. This was to be expected, as the investigation into differential deflection
of showed the sensitivity of these moments with varying absolute upper and
lower flap deflection. The value for AC,, is thus also quite influenced over the whole range
of angle of attack. It is seen that positive (trailing edge down) deflection will increase the
created yawing moment. At the same time, positive deflection decreases AC,,, and increases
AC,. These moment influences were expected as they follow partly the CS3 effects as reported
by Johnson [6]. It can be concluded that some positive §.¢; can be applied for « < 10. Here,
the created AC,, can be increased while decreasing the adverse pitch or roll moments can be
put closer to 0. Contrarily, for « > 15 application of global deflection is not beneficial. In order
to get the created pitching or rolling moments closer to 0, negative §.¢5; should be applied.
This would however largely decrease the created AC,,, making global rotation a counteractive
measure. Also cases for 6 = 20° and §, = 60° were investigated, which resulted in similar
conclusions.

Also a look is taken at the changing drag for positive §.¢; at a < 10, as further increase
in drag can be considered an additional adverse effect. It was observed that in this range of
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Figure 5.34: Aerodynamic moment coefficients behaviour for SF22 at &, = 40 for several global CS3 deflection
angles.

angles of attack, the AC}, is not significantly affected. Applying 6.5 to trim out pitch or roll at
a < 10 will thus not further adversely create drag.

Simultaneous roll and yaw creation

An interesting notion has to be made in this section. As stated in the methodology, the split
flaps will replace some of the outboard CS3 control surfaces. It was initially presumed that this
would cause a loss in total roll/pitch control in exchange for yaw control, when the split flaps
are used in rudder functionality. From the plots of AC; and AC,, in it was previously
noticed that still a substantial amount of roll/pitch control can be exerted by rotation of CS3,
even when the surface is used as split flap. It is therefore investigated if the split flaps can be
used in a dual functionality, simultaneously controlling both yaw and pitch/roll. Only the roll
control will be highlighted below, but similar results were found in terms of pitch control.

The isolated influence of §.53 on rolling moment coefficient of a split flap is investigated,
with respect to a SF22 split flap at 5,53 = 0%. The isolated AC, of varying 6,55 for three
values of & is presented in figures 5.35 to 5.37. Here, also the AC; for CS3 deflection of a
clean wing is shown as baseline value. The clean wing CS3 values are taken from the work of
Johnson [6].

It is observed in that the influence of 8.5 on AC; of the clean wing closely
matches that of the SF22 at §;, = 20. Comparing this behaviour with the results presented in
figure 5.36 and figure 5.37, it is observed that increasing &, to higher values decreases the
effectiveness of CS3 rotation in roll. While it is still possible to gain some roll control from CS3
rotation with high split flap deflections, its effectiveness is decreased significantly. For a dual
functionality of the split flap, low to intermediate levels of &5, maintain roll/pitch control.

It was shown in that positive 6.5 increases the effective AC, of the split
flaps, while negative 6.5; decreases AC,. For dual functionality of the split flaps it is thus
most effective to combine low to intermediate values of 5, with positive (trailing edge down)
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rotation of §.¢5. This would allow effectiveness in both roll control and yaw control from
the same split flap surface. This shows that the (partial) replacement of the current control
surfaces with split flaps will not necessarily indicate a total loss in roll/pitch control. The
limitation here obviously lies in the fact that negative (trailing edge up) rotation of the split
flaps will decrease the yaw effectiveness. A higher value of &5 would thus be needed, which
would in term lower the effective AC; from global rotation, which would thus require a higher
value of 8.3, and so forth. To make proper use of such a dual functionality, very intricate
flight control rules should be created.



Split flap conceptual sizing

Now that the split flap performance is known from the experimental wind tunnel tests, an effort
is made to estimate a proper size for the split flaps of the full-scale Flying V. This chapter will
present the steps taken to get to a conceptual split flap size estimation and will discuss its
performance for the aircraft.

6.1. Required split flap yawing moment

As explained in kection 3.3, the required directional control power comes from the compli-
ance with several lateral-directional aircraft capabilities. It has been estimated for each CS-25
requirements how much yawing moment the split flaps should deliver. This section will elabo-
rate on the required split flap control power and the consequent directional capabilities of the
aircraft. It will show which of the CS-25 specifications are critical, thus for which requirements
the conceptual sizing should take place. In this section reported values for §-51, 6cs2 OF O¢cs3
represent aileron deflections, where positive values represent right wing trailing edge down
and left wing trailing edge up deflections.

6.1.1. Trim calculations
Let us first consider the performed trim calculations. Three different certification requirements
have been analysed by their capability to trim the aircraft in certain flight situations.

CS 25.143(h): Manoeuvrability

The coordinated turn capability is calculated for a 30 degree banked turn at take-off. This
is done for either a starboard or port engine failure, with the remaining operating engine at
maximum continuous thrust. It is chosen to interpret the prescribed asymmetric thrust setting
in this way, as it would be the most adverse situation possible. It is considered that the turn is
perfectly coordinated, meaning that a certain yaw rate is attained which is perfectly in balance
with the other sideforce contributions. As a result, the sideslip angle is equal to zero. The
turns have been investigated for MTOW at ;. The results are shown in fable 6.1.

Table 6.1: CS 25.143(h): 30° coordinated turn

Configuration OEI Velocity ¢ a 6 Scsi Ocsz Ocss Cn,
Take-off Starboard 8140 30 15.17 2594 0 6.39 30
Take-off Port 81.40 30 15.17 -30 0 0 -21.78 | 2.2178e-3

It can be seen that in a turn to the right, the failure of the starboard engine does not pose
directional difficulties. This was to be expected, as the OEI yawing moment would be directed
in the direction of the turn. However, for a port engine failure, the adverse OEI yawing moment

57
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makes that the ordinary directional control allocation can not hold a steady coordinated turn.
It is seen that a yawing moment coefficient magnitude of 2.2178e-3 is needed from the split
flaps.

CS 25.147(c): Lateral control

The next trim check calculation was for the requirement specified by CS 25.147(c) on the
lateral control of the aircraft. It is similar to the requirement on the coordinated turn manoeu-
vrability, but with other configuration specifications. The results are shown in fable 6.2. The
current control power is well able to perform the banked turn manoeuvre, with and against
the operating engine. Since the worst case scenario of asymmetric thrust is assumed for CS
25.143(h), the current requirement is much less critical. On top of that, the current require-
ment has a lower bank angle and a higher velocity, also resulting in less demanding values.

Table 6.2: CS 25.147(c): 20° banked turn

Conﬁguration OEI Ve|0CIty ¢ a 61« 6C51 6(;52 6C53 Cnsf
Take-off Starboard 93.31 20 12.28 17.30 0 0 23.39
Take-off Port 9331 20 12.28 -23.14 0 0 -7.47 0

CS 25.161(b): Lateral and directional trim in steady heading sideslip

Next, the aircraft capabilities in steady heading sideslips are investigated. The aircraft has to be
able to counteract a 30-knot crosswind, while maintaining steady heading flight. Subparagraph
CS 25.161(b) states that all relevant operating limitations during normally expected flight
have to be investigated. The displacement of the centre of gravity is not accounted for in
the calculation approach. In order to still look into weight factors, the aircraft mass has
been investigated for MTOW, MLW and a zero-fuel-weight (ZFW) condition, where the latter is
considered around the worst-case scenario of low weight cross wind landing in ‘normal flight
operations’. The value of ZFW is estimated by subtracting total fuel weight from the maximum
take off weight. The tests have been performed at 1.3Vgg, . The trim results are presented in

table 6.3.

Table 6.3: CS 25.161(b): lateral and directional trim in steady heading sideslip

Configuration  Velocity B a ¢ 6y Ocsi Ocsz Ocss Cn,,
MTOW 93.31 9.52 1154 276 30 0 -10.21 -30 | -1.297e4
MLW 83.46 1066 1154 355 30 0 -12.76 -30 | -1.1514e-3
ZFW 73.88 12.06 1154 453 30 0 -1591 -30 | -2.4113e-3

It is observed that it is not possible to maintain the 30-knot crosswind with the ordinary
control allocation. The split flaps have to create a negative yawing moment for positive values
of sideslip angle, in order to maintain sideslipping flight. This is mostly due to the positive
weathercock stability (Cnﬁ) of the aircraft. It can be seen that with lower aircraft weight, more
yaw control is needed from the split flaps, due to a lower certification velocity and a resulting
higher sideslip angle. Here, a maximum required Cngy magnitude of 2.4113e-3 is found.

CS 25.161(d): Lateral and directional trim in OEI situation

Trim also has to be attained in a OEI situation, in this case for a starboard inoperative engine.
As an additional constraint, the bank angle can not get larger than 5°. Similarly as for CS
25.161(b), the weight configuration is investigated for MTOW, MLW and ZFW. Here, the ZFW
is not a realistic climbing configuration, but it is included to look at the effect of low weight
conditions. The trim check results are presented in kable 6.4.
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Table 6.4: CS 25.161(d): lateral and directional trim in OEI situation

Configuration OEI Velocity a ¢ oy 8cs1 Ocsz Ocss Cn,,
MTOW Starboard 93.31 11.54 -2.32 20.55 O 0 14.50
MLW Starboard 83.46 11.54 -2.89 25,58 0 0 18.05 0
ZFW Starboard 73.88 11.54 -3.37 30 0 0 22.65 | -7.090e-04

It is observed that these OEI conditions are not critical for the directional control power
sizing of the aircraft. Only at low weight conditions, does the rudder go towards the maximum
rudder deflection of 30°, but the required additional value is low compared to the coordinated
turn and steady sideslip case.

6.1.2. Linear simulations

It is established in the previous section that for some situations, application of split flaps is
required for aircraft certification. The most critical magnitude is found as Crgp = 2.4113e-3
from the steady heading sideslip requirement. Next, two requirement specifications are to be
investigated with the use of the established linear simulation model. As it was shown that
these simulations are mostly indicative of nature, the results in this section will only conclude
whether the roll or yaw motions are critical for the lateral-directional sizing of the aircraft. For
this purpose, it is investigated if these lateral and directional motions are able to be performed
well within the limits as prescribed in CS-25, with and without the thus-far critical value of C,,_ .
= 2.4113e-3.

CS 25.147(d): Roll capability

It is stated in AMC 25.147(d), it must be possible to roll a OEI aircraft from trim at -30° bank
to a 30° bank angle in the other direction within 11 seconds. In terms of inputs, all 3 trailing
edge control surfaces (CS1, CS2 and CS3) were used simultaneously as aileron input. The
rudder is used to try to minimise the sideslip during the roll motion. The split flap could aid
the minimisation of the sideslip through the creation of a yaw rate in the opposite direction of
the initial turn.

Several cases are investigated. First and foremost, it is examined whether it is possible to
make the bank to bank manoeuvre without the application of split flap deflection. For this,
maximum aileron input is given while the split flap influence is set as zero. shows the
aircraft asymmetric behaviour for a port OEI situation. This is the most adverse OEI situation
as the aircraft has to be rolled in the positive roll direction, while the port OEI counteracts
this. It is observed in this figure that the bank to bank manoeuvre can be established in 5.20
seconds, well within the constraint of 11 seconds. Even when recognising the uncertainty
of these simulations, it is considered that this gives a good indication that the bank to bank
requirement can be satisfied. It is however found that negative yaw angles and large positive
sideslip angles are created. While CS 25.147(d) does not state specific constraints for these
parameters in the adverse OEI situation, it is investigated whether the application of split flaps
or a smaller aileron input can create a smoother manoeuvre.

The roll manoeuvre is repeated, now including the application of a split flap with Cngy
= 2.4113e-3. The roll behaviour is shown in figure 6.2. It is observed that the bank to
bank manoeuvre is now completed in 5.27 seconds and that the created sideslip angle is
less compared to the case where no split flap deflection was applied. One last repetition is
performed, with a lower aileron input. Looking at figure 6.3, it is seen that with only 60% of
the maximum aileron input, the roll manoeuvre is still completed well within the 11 second
constraint, at a manoeuvre time of 9.50 seconds. The level of created sideslip angle is even
further reduced.
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Figure 6.1: OEI bank to bank manoeuvre with full aileron input
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Figure 6.2: OEI bank to bank manoeuvre with full aileron Figure 6.3: OEI bank to bank manoeuvre with 60%
input and split flap input aileron input and no split flap input

All in all, a good indication of compliance to the certification requirement CS 25.147(d)
is shown, with and without the use of split flaps. This requirement is therefore not deemed
critical for the lateral-directional sizing. If wanted, the split flaps and more optimal aileron
inputs are shown to help prevent excessive sideslip angles or directional travel.

CS 25.147(a): Directional control

The last motions to be investigated are the OEI yaw manoeuvres prescribed in CS 25.147(a).
This requirement is in place to show that the aircraft can be yawed without the additional
application of bank angle [20]. The aircraft is trimmed in straight flight with a OEI situation,
after which a maximum rudder input is given to try and establish a 15° yaw angle, without
invoking a rolling motion. This has been done with and against the operative engine, and
for either C,,, = 0 and G, = 2.4113e-3. The ailerons are used to the extent necessary to
minimise the roll rate.

The positive yaw motion with the advantageous starboard OEI is shown in and
figure 6.5. Here it is observed that without split flaps, it is possible to increase the yaw angle
to 15° in 3.23 seconds. When split flaps are incorporated this manoeuvre is completed in
2.92 seconds. CS 25.147(a) is not specific about the time constraint of the manoeuvre, it only
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gine gine, including split flap input

states that it should be possible to ‘make a reasonably sudden change in the heading of up to
15°". Either indicated value is considered to be ‘reasonably sudden’ as they are faster than a
rate-one turn of 3° per second. It is concluded that the requirement is not critical for the split
flap sizing, as the rudder alone can induce a quick manoeuvre.

Lastly, CS 25.147(a) also states that ‘it must be possible to yaw into the operative engine’.
This again seems like an ambiguous requirement as no time limitation or required yaw angle
is given. It is believed that the requirement is just in place to make sure the directional control
can overcome the most adverse OEI situation without the application of large bank angles.
Figure 6.6 and figure 6.7 show the behaviour of full yawing power against the operating
engine, with and without the split flaps. It is observed that when no split flaps are used, it
would possibly be very hard to yaw into the operative engine without further application of
bank angle. When a potential split flap with C;,_ ;= 2.4515e-3 is added, it can be seen that the
yaw rate is significantly increased. Creating a substantial yaw angle is still a slow procedure,
but at least now a clearly observable yaw rate can be attained. Further increasing C, . would
accelerate the motion, however it is not specifically needed in the current explanation of
CS 25.147(a). Keeping the uncertainty of the simulation in mind, it is concluded that the
application of the split flaps is preferable to show a good indication of compliance with CS
25.147(a). However, due to the ambiguity of the requirement, it is not considered as critical
for the sizing. It might be wise however to take this requirement into account during future
lateral-directional control studies.

6.1.3. Sensitivity analysis

It can be concluded from gection 6.1.1| and section 6.1.2 that the most critical CS-25 require-
ments in terms of the aircraft directional control power are the 30° coordinated turn against
the operative engine and the trim during a steady heading sideslip. Here additional C,,_ y val-
ues of 2.2178e-3 or 2.4113e-3 are required, respectively. For both calculations, a sensitivity
analysis is performed to analyse the effect of changing conditions or assumptions. Ultimately,
this will provide a sense of the certainty of the calculated C,_ " based on the uncertainty of the
input parameters. The values of 2.2178e-3 or 2.4113e-3 will be taken as reference yawing
moment values.
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Figure 6.6: OEI yaw manoeuvre against the operative
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engine, including split flap

Sensitivity of coordinated turn condition

The sensitivity of all investigated parameters on the coordinated turn requirement is presented
in and b.9. Here, the percentile change of the required ¢, is plotted versus
the percentile change of the parameter. The percentile change in required split flap yawing
moment is calculated as:

AC

nsf

=100-[C

nsfnew - Cnsfref]/Cnsfref (61)

For the coordinated turn, it can be seen in that the parameters with respect to
the yaw rate r are the most influential. This is logical for the coordinated turn case, as the yaw
rate is substantial in a coordinated turn. Especially changes in ¢, would influence the required
split flap performance. It is expected that due to the used flight mechanics calculations, the
yaw rate is slightly overestimated. This would thus result in a conservative value of C,,_..

Next, the sensitivity of the control derivatives for the critical case is presented in .
Here, the contributions of CS1, CS2 and CS3 are taken as one, under the subscript 'CS’, as it
is imagined that they have similar uncertainties due to Reynolds effects. For total evaluation,
a combined sensitivity of the derivative in sideforce, roll and yaw is performed for both the
rudder and the CS surfaces. It is observed that changes to the rudder control derivatives
are most influential, especially Crs, 1 which was to be expected. Considering that the rudder
will probably have an increase in efficiency due to Reynolds effects [38], the final full-size
Cngs will probably decrease. This makes the outcome split flap, discussed in the next section,
somewhat conservative.

Sensitivity of steady heading sideslip condition

In a similar fashion as for the coordinated turn condition, the sensitivity for the steady heading
sideslip requirement is investigated. The sensitivity of varying the stability derivatives and
control derivatives is presented in figure 6.10 and figure 6.11.

The graphs basically follows a similar logic as the sensitivity of the coordinated turn re-
quirement, but now the outcome is sensitive to changes with respect to 8. In the case of
steady sideslip, the required value of C;,_ . s especially sensitive to the yaw stability Cng of the
aircraft. This is logical, as the parameter wants to return the aircraft to a state of zero sideslip,
for which a counteracting yaw control should be created. In terms of the control derivatives,
again a high sensitivity with the rudder is seen. Similar as before, a higher rudder power
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would alleviate the amount of control needed from the split flaps. Expecting a higher control
power from the full-size rudders, the value of C,,_ y would again be somewhat conservative.

6.2. Split flap sizing

Now that the critical value for C,,_ . is estimated, it can finally be determined if this converts to
a feasible split flap geometry. This section will first give a recommended split flap geometry for
Osfnae = 60°, after which the consequence of varying split flap deflection angles is discussed.
The estimated sizes will give another insight into whether split flaps are a feasible addition
to the Flying V. The section will close by showing the projected performance of the split flap,
with respect to the current winglet rudders.

6.2.1. Recommended split flap geometry
It is shown from section 6.1.1 and section 6.1.2 that the most demanding CS-25 requirements
in terms of the aircraft directional control power are the 30° coordinated turn against the
operating engine and the steady heading sideslip requirements. Here an estimated Cngs of
2.2178e-3 and 2.4113e-3 are required. As the created Crgy is dependent on the angle of
attack «, both requirements are investigated for the sizing.

The generalised C,, +/Ssf behaviour with varying angle of attack is taken from averaging
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Table 6.5: Final sizing summary for § =60°

Sfmax

Critical requirement G, [-] al’l G, /Sss(a) [mm™]  Sg[mm?®]  bs[mm]
CS 25.143(h) 2.2178e-3 15.17 2.1036e-7 1.0543e4  109.72
CS 25.161(b) 2.4113e-3 11.54 2.2404e-07 1.0763e4 111.87

their respective values found from SF10, SF15 and SF20 for a deflection angle of ;5 = 6,7,
which is taken as 60°. Combining C,_ +/Ssr and the calculated C,_ ;1 @ required sub-scale split
flap area S, is found, which leads to the needed sub-scale width of the split flap. The results
of these steps are summarised in kable 6.5.

It is seen that a minimum (sub-scale) split flap width of 111.87 mm is needed to fulfil all
need of high directional control power. Such a flap would span 50.85% of the current CS3
surface. Now to get into terms of the full-scale aircraft, use is made of the 4.6% scale factor
of the experimental model. For now, it is assumed that the split flap effectiveness would not
significantly change between sub-scale and full-scale. A full-size split flap width b, of 2.431
meters is then found. It should explicitly be noted here that this is just a first order estimation
of the required split flap size. Based on the discussion of varying Reynolds nhumber and the
sensitivity, such a split flap is probably a conservative estimate. More elaborate full-scale split
flap testing and simulations have to be performed for an optimal final split flap sizing, for
which this split flap geometry could be a good starting point.

The final split flap geometry applied on a plain Flying V model is presented in .
Here, the surfaces in red represent the split flaps, of which the left wing part has been deflected
to the maximum of &, = 60°.

6.2.2. Varying maximum split flap deflection

The previous results are under the assumption that it is possible to create a split flap with
a maximum deflection &5, of 60°. Considering that it might be impossible to create such
large deflections due to structural or complexity issues, the resulting size is investigated for
smaller maximum values of &, . This will show the sensitivity of the split flap width with
set 8,7, . The results are presented in figure 6.13, where the required sub-scale split flap
width is calculated for various values of maximum attainable split flap deflection. A &,
of 10 degrees is not included here, as it would lead to an infeasible required width. A clear
parabolic relation can be seen, which is due to the relation of the surface area with the width
(see pquation (3.16)).

Looking at the tables in bection 6.1.1, there is no need for high roll power during the
situations where high yaw power is required. On top of this, as the split flap is only used for
yaw on one side of the wing, it is envisioned that the flap on the other side can aid in creating
roll power through mutual upwards or downwards deflection. Additionally, it is shown in
that when used in split mode, the flaps can be rotated globally to potentially
provide both yaw and roll. effectively shows that split flaps do not have to be
of an unattainable large size to gain enough yaw power for directional control certification.
Judging on the fact that the current CS3 surface is about 220mm wide, the designer might
choose to fully replace this CS3 surface with split flaps. This would only require a &5 of
about 30°. Compared to a case of §,, = 60° this can lead to structural benefits, as the flap
panels and hinges would have to withstand a lower concentration of pressure forces. All in
all, for the reasons provided above, it is concluded the split flaps are in fact a feasible solution
for the aircraft yaw control problems.
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Figure 6.12: Graphic of the final split flap geometry (b;; = 111.87mm) on the Flying V model, including an outboard

detail. The surfaces in red represent the split flaps. The left wing split flap has been deflected to &, = 60°.
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Figure 6.13: Maximum split flap deflection angle versus required (sub-scale) split flap width, for a required Crgy

of 2.4113e-3 at a = 11.54°
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6.2.3. Projected final split flap performance
Now that the final split flap geometry is known, a quick look is taken at its performance in
terms of created yaw and drag. This will be done for the recommended split flap geometry
presented in figure 6.12. A direct comparison can be made with the current winglet rudders.
The addition of the split flaps in terms of AC, is presented in figure 6.14. Also the total
projected yaw power of the winglet rudders for positive rudder deflection is presented. Here,
it can be seen that at small angles of attack, the split flaps can provide an intermediate addition
of yaw power. At a« = 0°, the total yaw power can be increased by about 38.1% when the
rudders and split flaps are used together. However, when the angle of attack is increased, the
performance of the winglet rudders decreases drastically, while the split flaps remain relatively
constant. This makes that at higher angles of attack, the split flaps can contribute heavily to
the available yaw power. At a = 27.5°, the available yaw power is even increased by 85.5%.
As previously discussed, the increase in yaw power comes with some drawbacks. The
most direct drawback is the large drag penalty associated with the yaw creation. The drag
penalty of the split flaps is therefor also compared to the drag penalty of the winglet rudders.
It can be seen from that at low angles of attack, the drag penalty of maximum
yaw creation is practically doubled compared to a case where only the winglet rudders are
deployed. The yaw control increase of 38.1% is linked to a drag penalty increase of 89.3%,
or 47.8 drag counts. At higher angles of attack, the drag penalty compared to the winglet
rudders only increases further. The yaw control increase of 85.5% at a = 27.5° will cause a
drag penalty increase of 189.3%, or 45.0 drag counts. For now, it is assumed that the drag
penalty does not have detrimental consequences for low-speed, low-power flight situations.
However, an additional study should be performed on the implications this drag increase has
on the available power of the aircraft.

Split flap: b_, = 111.87mm
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Figure 6.14: Projected final split flap yaw power in Figure 6.15: Projected final split flap drag penalty in
comparison with the winglet rudders comparison with the winglet rudders

As a final note, the large increase in drag also has one advantage to it. In order to decrease
the ground roll at landing, the drag has to be increased, while decreasing the lift coefficient.
During the ground roll, the split flaps can be deflected on both wings. Looking at the values in
figure 6.15, this would increase the drag with about 95.6 drag counts. Based on the research
by Erdincler, it is expected that this would significantly help in decreasing the aircraft ground
roll [33]. The exact decrease of the ground roll is not covered in this thesis however, as it
is out of the scope of the study. If an investigation into the ground roll decrease is to be
performed, the methods applied by Erdincler can directly be used.



Conclusion and Recommendations

This thesis research consists of an experimental investigation into the addition of split flaps
on the outboard wing of the Flying V, in order to identify the aerodynamic behaviour of such
yaw devices. Wind tunnel tests have been performed in the OJF facility at the Delft University
of Technology with the 4.6% sub-scale half-wing model of the Flying V. In addition, a simple
mathematical model is created which was used to perform a conceptual sizing of the split flaps
for the Flying V.

7.1. Conclusions

Split flaps on the outboard wing section can effectively increase the directional control over
angles of attack between 0° and 30°, at the cost of a significant drag increase. Yaw capability is
lost for « < —5°. The split flaps are most effective at @« = 0, where the largest yawing moment
is created with only a small coupling in pitch and roll. Due to the creation of a leading edge
vortex, a large shift is noticed when a« > 15°. The upper split flap becomes ineffective, leading
to a decrease in yaw control and an increase in pitch and roll. The minimum yaw effectiveness
point is found around a = 17.5°.

The created yawing moment is linear with split flap deflection angle, where other aero-
dynamic properties are non-linear. A linear yaw control derivative was set up for SF10, SF15
and SF20. These all showed similar behaviour with angle of attack, where a maximum ef-
fectiveness decrease between 40% and 42% was found at « = 17.5°. The split flaps thus
retain a substantial amount of yaw power at high angles of attack. Compared to the winglet
rudder, which has a continuous effectiveness decrease of up to 70% with increasing angle
of attack, it is concluded that the addition of split flaps can become specifically beneficial at
higher angles of attack. In terms of yaw per unit surface area, no significant differences were
found between the SF10, SF15 and SF20 split flap configurations.

The deflection of split flaps can have a significant effect on rudder yaw power for negative
deflection angles. Such a combination of deflected split flap and inboard deflected rudder
would not be seen in normal flight operations, as they produce counteracting yaw moments.
No interaction was found for positive deflection angles. In terms of interaction with adjacent
trailing edge surfaces, the split flaps can cause a significant decrease in created pitching and
rolling moments for positive CS2 deflections. Differential deflection between the upper and
lower flap can potentially decrease coupling in pitch and roll, while maintaining a certain level
of yaw power. For a < 15, the upper flap can be set at a slightly lower deflection angle than
the lower flap. For a > 15, the upper flap can be set at a higher deflection angle than the
lower flap which could only slightly decrease the coupled moments. For a < 15, the split
flaps can also be globally rotated trailing edge down to mitigate adverse coupled moments
while beneficially increasing the total created yaw. The investigation into global rotation also
showed that the split flaps can be used in a dual functionality, as both yaw effector and
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roll/pitch effector. To do this effectively, a combination of low to moderate split deflection
angles and trailing edge down rotations are required.

It was found that sustaining a steady heading sideslip during crosswind conditions, as well
as a 30° coordinated turn into the operative engine, were the most demanding certification
specification in terms of directional control. An additional yaw coefficient of 2.4113e-3 has
to be provided by the split flaps. Designs with a maximum deflection angle above 30° are
deemed feasible, as this would maximally require only the replacement of the current CS3
surfaces. When a maximum deflection of 60° is set by the designer, a sub-scale split flap
width of 111.87 mm is needed, which translates to a full-scale split flap of 2.431 m. Based
on the sensitivity analysis and projected Reynolds effects, this is considered a conservative
design for the full-scale Flying V. The recommended split flap width is considered a sufficient
first order estimation of the required split flap size, which can be used as a starting point for
followup studies into full-scale split flap integration and performance.

At a = 0°, the recommended design of 111.87 mm would increase the maximum directional
control power of the Flying V by 38.1%, when both the rudders and split flaps are deployed.
This will directly come at the cost of a 47.8 drag count penalty, an increase of 89.3% compared
to just the rudders. At @ = 27.5°, the maximum directional control power can be increased by
85.5%, while increasing the total drag penalty by 189.3%, or 45.0 drag counts.

7.2. Recommendations

The experimental study investigated the general effects of implementing split flaps on the
Flying V in order to increase its directional control power. The effectiveness of the split flaps is
significantly reduced due to the formation of a leading edge vortex. The addition of a fence,
as described by van Uitert [27], should be investigated as method to postpone the point of
minimum effectiveness.

The variation of split flap effectiveness with sideslip angle should be investigated, as the
split flaps currently have a large hingeline sweep angle. It is proposed to make a full-wing
sub-scale model of the Flying V, which can be tested for both varying angle of attack and
angle of sideslip. Ruiz Garcia et al. additionally show that significant corrections have to be
applied to the half-wing model data [31]. Future wind tunnel tests should therefore include
more elaborate wind tunnel corrections, which is more straightforward for dual-wing setups
than for half-wing setups.

Additionally, more combinations of split flap placement and deflection angle should be
tested. Further inboard placements might be less influenced by the leading edge vortex, and
could potentially outperform the current recommended split flaps in terms of created yaw for
a = 15°, at the cost of a generally higher drag increment. Testing various combinations of
upper and lower flap deflection with a higher resolution is needed to establish an optimal split
flap configuration for each angle of attack.

Instead of additional sub-scale wind tunnel testing, it can also be chosen to investigate
additional split flap tests through numerical methods such as Computational Fluid Dynamics
(CFD). This can save a lot of time, as the wind tunnel testing is a meticulous and time-
consuming process. Additionally, this can eliminate potential systematic errors caused by
manual placement and volume behind the split flaps. Attention should be used here to correctly
choose turbulence models and boundary conditions, as the split flaps cause large areas of
separated flow, which can be difficult to model. If a proper numerical model was to be
created, it would be easier to quantify full-scale split flap properties for various different split
flap geometries, deflections and locations.

It is proposed that the flight mechanics calculations should be re-iterated with a higher-
fidelity flight mechanics model, including a split flap control mode. Special care should be
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taken on the requirements on the coordinated turn, the steady heading sideslip and the yaw
manoeuvre into the operative engine. Also the consequences for longitudinal control, thrust
levels and braking field length should be investigated. The recommended split flap size pro-
posed in the present study can be used as starting point for an iteration of the split flap size.
Variations in centre of gravity should be incorporated in the flight mechanics model. Addi-
tionally, Reynolds numbers effects on split flap performance and stability & control derivatives
have been neglected during the research. A specific study should be performed to investigate
and quantify the Reynolds number effects between sub-scale and full-scale Flying V quantities,
which can then be used to give better full-scale performance estimations.

Lastly, in order to fully assess the feasibility of adding split flaps to the Flying V, an extensive
integration study should be performed. This should include for instance structural feasibility,
possible weight penalties, sub-system investigation into actuation and additional flight control
design consequences. The effect of added vibrations due to split flap deflection should also
be kept in mind. The integration study, together with the more elaborate flight mechanics
study, should provide a complete frame in which the designer can decide to implement split
flaps on the final Flying V.
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Test matrix summary

The table on the following page summarises the used test settings and combinations.
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Summary of the test matrix used throughout the wind tunnel campaigns
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